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Abstract
This thesis explores the taxonomy, systematics and phylogenetic status of the family Faustulidae from
corallivorous fishes in the Tropical Indo-west Pacific (TIWP). The main study is based on the
parasitological examination of 2,901 individual coral reef fishes from six major TIWP localities:
Ningaloo Reef, Western Australia; Palau; Lizard Island, Swain Reefs complex and Heron Island (all
Queensland); and French Polynesia.
Faustulidae are mainly parasites of the intestine of marine teleosts and are characterised by a spiny
tegument, a canalicular seminal receptacle and a posterior opening Laurer’s canal. Of the 12 genera
that belong to this family, the largest, and the main focus of this study, is Paradiscogaster Yamaguti,
1934. Before this study, Paradiscogaster comprised 24 species distributed in the Indo-west Pacific
and infecting 13 families of fish. Of these, corallivorous fishes from the family Chaetodontidae had
the largest number of Paradiscogaster species, followed by fishes, with a diverse diet, from
Monacanthidae and Ostraciidae.
The results from this study are structured first as three taxonomic chapters describing new species
from this genus; I described and published six new Paradiscogaster species from Chaetodontidae and
Ephippidae, and a further five new species not yet published: two new species corresponding to the
Paradiscogaster eniwetokensis complex on the GBR, two from Palau, two from Ningaloo Reef and
one from French Polynesia. This is followed by an overall phylogenetic study of the family, a study
of trematodes from non-chaetodontid corallivorous fishes from the Great Barrier Reef (including the
description of a new species from Fellodistomidae) and finally an account of a search for larval
trematodes in coral.
For the analysis of the phylogeny of Faustulidae, 28S rDNA sequences were obtained from ten
Faustulidae species. These were aligned and analysed relative to other faustulids and species of key
families of interest. The complete analysis included sequences for 35 species of Faustulidae,
Fellodistomidae, Gymnophallidae, Tandanicolidae, and Zoogonidae (with Hemiuridae as an
outgroup) and showed that some Faustulidae and Zoogonidae form a clade, but that relationships
within the clade are not well-resolved. More sequences will be required to determine whether
Faustulidae should be restructured relative to the Zoogonidae as previously suggested, and also to
determine the taxonomic position of three species of Faustulidae, Pseudobacciger cheneyae and two
species of Bacciger, which formed a clade quite separate from all other Faustulidae. This chapter also
analyses the ITS2 rDNA sequences of the family, incorporating new sequences and published
sequences available from GenBank. The genus Paradiscogaster incorporates a clade formed by
species that infect corallivorous chaetodontids and another clade from non-chaetodontids.
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To determine the implications of corallivory on the trematode fauna of non-chaetodontid corallivores,
I studied several obligate corallivores that have not been previously sampled, including species of
Blenniidae (Exallias brevis), Gobiidae (Gobiodon citrinus), Labridae (Labropsis australis and
Labrichthys unilineatus), Monacanthidae (Amanses scopas and Oxymonacanthus longirostris) and
Tetraodontidae (Arothron nigropunctatus). No infections of Paradiscogaster species were found but
a new species (Fellodistomidae: Prudhoeus) is described from Amanses scopas and Exallias brevis
from Heron Island, Queensland. Clearly, exploitation of these corallivores by trematodes has been
much less extensive than in the chaetodontids.
Many species of chaetodontid fishes reported as obligate corallivores are heavily infected by
faustulids, suggesting that the ingestion of the parasites in intermediate stages is through the diet,
coral polyps or a symbiont associated with coral polyps. I thus looked for metacercariae in acroporid
corals (the most abundant dietary item in obligate corallivores, representing 97–98% of the diet),
examining between 4500-9000 coral polyps from 90 fragments, utilizing varied techniques to extract
the polyps, but without a positive finding. This outcome means that the transmission mechanisms of
these parasites remain unexplained.
In terms of biogeography and host-specificity, the results show that the highest known concentration
of Faustulidae species is found on the GBR, where the host-specificity is higher than in other
localities. The richness of Paradiscogaster species varied among TIWP sites, having the GBR as the
richest known area and lower in Palau, New Caledonia, Ningaloo Reef and French Polynesia.
However, the host-specificity (specifically of P. sasali) reduced in the extremities partially isolated
and remote areas of the TIWP and Paradiscogaster species were found infecting a wide variety of
hosts, perhaps increasing the chance of reproduction and dispersion.
A better understanding of the life cycles of these parasites, particularly the intermediate host
specificity, will contribute to an understanding of the biogeography of these parasites and will
contribute to an explanation of why these parasites are not present in all localities in the TIWP, even
when appropriate definitive hosts are present.
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1Chapter 1
Introduction
1.1. Overview
The study of the variables that determine the composition and structure of communities has
been one of the main focuses in ecology. These variables include biological interactions between
organisms, for example, predation, mutualism, commensalism, and parasitism, but also include
physical stresses, for example, the effects of temperature, light intensity, salinity, currents, and more
recently, pollutants introduced to the natural environment. These variables determine the distribution
of the organisms and also the richness and abundance of species in the community.
Although most of the ecological studies have been focused on biological interactions as
predation and competence, the study of parasitism has been increasing substantially in the last three
decades, identifying it as an important factor to determine the composition and structure of
communities (i.e. Mouritsen & Poulin 2002, 2005, 2007).
In this thesis, I focused on one of the biological interactions known as parasitism. Parasitism
is considered a relationship between two species from which, one, the parasite, obtains direct or
indirect benefit from the other species, the host, causing it some harm, and is adapted
morphologically to this way of life (Begon et al. 2006).
One of the most popular mechanisms to classify parasites is according to their life cycle and
distribution on the host. According to this, there are parasites with simple life cycles and no
intermediate stages. These parasites are generally represented by ectoparasites (parasites living on
the exterior of the host, for example, leeches, copepods and ticks). There are also parasites with
complex life cycles in which the parasite develop its different stages in multiple hosts. Generally,
this group of parasites are endoparasites, infecting internal body cavities of their hosts. Endoparasites
are the focus of this thesis.
A key factor to consider in the study of endoparasites is the role of the diet of the host in
relation to parasite richness. Diet is, in many cases, the key pathway of infection by which the
parasite will be introduced to the host. In coral reef fishes, most of the dietary habits associated with
parasite infections are well studied, however, the implications of corallivory on the parasite fauna
are only just starting to be studied in one group of fishes, the chaetodontids. For most of the other
corallivorous fishes it remains completely unknown what (or if) parasites are transmitted through a
diet of coral.
2In this thesis, I principally consider parasites belonging to the trematode family Faustulidae.
Work done for my MPhil thesis showed that the faustulid genus Paradiscogaster is comprised of
rich complexes of species in the Tropical Indo-west Pacific (TIWP) and that some species of
Paradiscogaster occur only in corallivorous fishes, indicating that this special diet is key in the study
of these parasites. In this study, I consider the implications of a corallivorous diet on the trematode
parasites of fishes in one of the richest marine biogeographical regions, the TIWP (Allen et al. 1998).
The thesis begins in Chapter 1 with a literature review of the locality in which the study
was carried out, and the biological context, including reviews of trematodes, trematodes of the
TIWP, the family Faustulidae, the effects of the diet on the parasite fauna, and finally the
relationship between corallivory and species of Paradiscogaster.
Chapter 2 describes the general methodology used in this study, describing the collection of
the fish, extraction of the parasites, fixation for morphological and molecular analysis, DNA
extraction and analysis.
Chapters 3 to 7 comprise five data chapters that I plan to submit to international research
journals.
Chapter 3 is already published and describes four new species of Paradiscogaster from batfishes of
the family Ephippidae from the Great Barrier Reef.
Chapter 4 reviews a species complex related to Paradiscogaster eniwetokensis in the Indo-west
Pacific, with the description of two new species.
Chapter 5 describes three new species of Paradiscogaster from butterflyfishes from the Tropical
Indo-west Pacific, together with novel records of a fourth species.
Chapter 6 explores the molecular phylogeny of the Faustulidae from fishes of the Tropical Indo-west
Pacific, on the basis of analysis of the ITS2 and 28S rDNA.
Chapter 7 studies the trematodes from corallivorous fishes not represented by the family
Chaetodontidae on the Great Barrier Reef with the description of a new species.
Chapter 8 describes an attempt to find metacercariae in corals, analysing coral fragments of the
principal dietary items of obligate corallivores from Heron Island, Great Barrier Reef.
Finally, Chapter 9 discusses the overall results of this study.
31.2. Literature review
1.2.1. Tropical Indo-west Pacific
Classification of patterns in biodiversity is fundamental for ecological studies. In this regard,
a classification of Marine Ecoregions contributes to the understanding of the biodiversity patterns in
the ocean. Spalding et al. (2007) presented a classification of Marine Ecoregions of the world
(MEOW) associated with specific characteristics and biodiversity of each region. Of these 12
MEOW’s, this study will focus on three that can be synthesised as the Tropical Indo-west Pacific
(TIWP). This biogeographical region extends from the east coast of Africa to Hawaii and French
Polynesia and, comprises the Western Indo-Pacific, Central Indo-Pacific and Eastern Indo-Pacific.
This region has the highest richness of marine species in the world (Allen et al. 1998).
The enormous richness of this region is associated with the diversity of marine habitats that
can also be identified as provinces of these MEOW’s and this richness provides a basis for the
radiation of species (Spalding et al. 2007). Within the central Indo-Pacific, the Great Barrier Reef
(GBR) is one of the richest and most complex reef systems. It extends more than 2000 km along the
north-east coast of northern Australia (Queensland) and has a multitude of habitats for marine
species (Emslie et al. 2010).
The parasite biodiversity of the TIWP remains poorly studied relative to the overall
understanding of biodiversity (Justine 2010; Cribb et al. 2016). This study aims to improve
knowledge on the parasite diversity of the TIWP, considering a group of parasites (Trematoda:
Faustulidae) that infect a great number of fish families in the TIWP.
1.2.2. Trematoda
The Trematoda is one of the three parasitic classes comprising the phylum Platyhelminthes.
Trematodes, or flukes, are obligate parasites of their hosts, attaching themselves to superficial parts
of the hosts (e.g. Transversotrematidae that live under the scales of fishes) or penetrating them and
infecting their internal organs (Dawes 1946). Trematodes have tremendous diversity in the marine
environment, being represented by two subclasses: Aspidogastrea and Digenea, of which Digenea is
the most abundant. The Digenea currently comprises 25 superfamilies, 148 families and nearly 2800
nominal genera; for those infecting fishes, there are about 70 families and approximately 5000 species
(Cribb 2005; Bray et al. 2008). As adults, most digeneans are mainly parasites of the intestine.
However, some groups can also be found in fish under the scales, on the gills, in the swim bladder,
in the body cavity, the urinary bladder, the gall bladder, ovary and in the circulatory system (Dawes
1946).
4Digenean life cycles are complex, usually involving free-living and parasitic stages which
always incorporate both asexual and sexual reproduction. One of the most common cycles alternates
between two hosts, a mollusc and a vertebrate. Sexual adults produce eggs inside the host which will
pass to the external environment. These eggs usually hatch to realese a free living ciliated larva called
the miracidium, which will swim and penetrate a molluscan intermediate host and become a
sporocyst that produces a second intra-molluscan generation asexually. Then, asexual reproduction
happens again to generate cercariae, the larvae of the generation that will become sexual adults.
Cercariae are usually a tailed form that emerge actively from the mollusc. After emergence, the
cercariae will ultimately lead to an active or passive infection of the vertebrate definitive host. Often
the vertebrate is infected by the ingestion of metacercariae associated with a second intermediate
host.
Figure 1. Example of a trematode life cycle incorporating two intermediate hosts.
The host diet represents an important feature for digeneans as most live in the digestive tract
as sexual adults and they usually enter the definitive host through the diet. In the definitive host, the
parasites usually do not damage their host significantly because the worms are tiny relative to the
size of the host, however, the effect of the infections on the first intermediate host, which are almost
always molluscs, can be dramatic, due to infections of the digestive gland or reproductive system of
them, producing castration and, in extreme cases, death (Cribb 2005).
51.2.3. Trematodes of Fishes of the Tropical Indo-west Pacific
The TIWP is one of the richest biogeographical regions and parasite abundance and richness
is likely to be directly correlated with host abundance and richness (Poulin 2006). Cribb et al.
(2016) reviewed the richness of fish trematodes of the Indo-west Pacific and an assessment of the
literature reported 2582 trematode species infecting 1485 fish species. Most of these records have
been concentrated in areas like the GBR, Hawaii and the waters off China, India and Japan. Cribb et
al. (2016) reported for the Northeast Australian Shelf, of which the GBR is a part, 340 trematode
species from fishes. Early contributions to the study of the parasites were based entirely on
morphology to distinguish species, but more recent studies have also used molecular data to help to
distinguish cryptic species: Miller et al. (2009; 2009; 2010a; 2010b) described new species and
species complexes of cryptogonimid trematodes; Nolan and Cribb (2006a, 2006b) described species
complexes of Aporocotylidae; McNamara et al. (2012), McNamara and Cribb (2009; 2011)
characterised Monorchiidae; Hunter and Cribb (2010; 2012), Hunter et al. (2012) characterised
Transversotrematidae and Diaz et al. (2013), Diaz and Cribb (2013), Diaz at al. (2013; 2015) and
Diaz et al. (2017) characterised Faustulidae.
Most of these studies have been focused on localities close to the Coral Triangle. However,
there has been a lack of effort in sampling other localities in the TIWP. Studies from these isolated
localities have shown that, in addition to the richness of the fishes being lower than in other areas,
the richness of the parasites in the fishes that are present is lower than seen elsewhere (McNamara
et al. 2012; Diaz et al. 2013). Cribb et al. (2000) suggested that it is difficult for trematodes of TIWP
fishes to have the same distribution as their fish hosts for two main reasons. First, trematodes
parasites require multiple intermediate hosts to complete their life cycle and one or many of these
intermediate hosts may be restricted in distribution. Secondly, most tropical fish species are
dispersed as pelagic larvae but, in contrast, the trematodes have little opportunity to disperse with
their fish host larvae. Therefore, trematodes of the TIWP may be restricted in distribution, even if
their hosts have a wide distribution.
1.2.4. Faustulidae
The main focus of the present study is the family Faustulidae. The Faustulidae are mainly
parasites of the intestine of marine teleosts, but they also occur rarely in freshwater fishes (Bray et
al. 2008). The family is characterised by a spiny tegument, a canalicular seminal receptacle which
forms part of Laurer’s canal, and a posteriorly opening Laurer’s canal (Cribb et al. 1999; Bray et
al. 2008).
6Until relatively recently, this family was considered part of the Fellodistomidae, but Hall et
al. (1999) removed the subfamily Baccigerinae from the Fellodistomidae and recognised it as the
Faustulidae when molecular analysis showed that these families are not closely related. The
Fellodistomidae was thus divided into the Faustulidae, Fellodistomidae and Tandanicolidae (Bray et
al. 2008). Molecular analysis (Olson et al. 2003) showed that the affinities of the Faustulidae are
with the Microphalloidea.
Recent studies by Sun et al. (2014) and Cutmore et al. (2014) showed problems with the
concept of the Faustulidae family and both suggest that it is essential to study the taxonomic status
of the family further. Sun et al. (2014) described a new species of the genus Pseudobacciger Nahhas
&Cable, 1964 which is considered part of the family Faustulidae. However, phylogenetic analysis of
28S rDNA of this species showed that this genus occupies a position remote from species of the
faustulid genera Antorchis, Bacciger and Trigonocryptus. Cutmore et al. (2014) reported a
phylogenetic analysis of the 28S rDNA to consider the position of a new species, Plectognathotrema
kamegaii Cutmore, Miller, Bray and Cribb, 2014 from the family Zoogonidae. This analysis showed
that five genera from three subfamilies of Zoogonidae form a clade with three genera from
Faustulidae. Further, the Zoogonidae was paraphyletic relative to the Faustulidae. Both studies
suggested that Faustulidae and Zoogonidae need examination to resolve their taxonomic status.
The Faustulidae presently has 12 genera recognized byBray et al. (2008). Of these, the largest,
and the main focus of this study, is Paradiscogaster Yamaguti, 1934. The genus Paradiscogaster
was proposed by Yamaguti (1934) with Paradiscogaster pyriformis Yamaguti, 1934 as the type-
species. There were 24 species of Paradiscogaster known prior to this study from ten families of
fishes of which, the Chaetodontidae, Monacanthidae and Ostraciidae were infected by the largest
number of species. Of these, the Chaetodontidae has the richest fauna, with eight species. These
species were all described from the TIWP (Yamaguti 1938, 1942; Martin and Hammerich, 1970;
Bray et al. 1994; Cribb et al. 1999; Diaz and Cribb 2013; Diaz et al. 2013; Diaz et al. 2015).
Bray et al. (1994) reported five species of Paradiscogaster from a wide range of
chaetodontid fishes from Heron Island on the southern GBR. Two of these species, Paradiscogaster
chaetodontis Yamaguti, 1934 and Paradiscogaster eniwetokensis Martin & Hammerich, 1970, had
been previously described from elsewhere, whereas Paradiscogaster glebulae Bray, Cribb &
Barker, 1994, Paradiscogaster flindersi Bray, Cribb & Barker, 1994 and Paradiscogaster
quasimodo Bray, Cribb & Barker, 1994 were all new. The study of Bray et al. (1994) was undertaken
before molecular studies had become a common part of trematode taxonomy so that all the
conclusions were based on morphological analysis of specimens taken from a relatively small
sample of fishes. Since then, continued sampling and preliminary analysis of specimens from
7chaetodontids from the GBR, including Lizard Island and the Swain Reefs, has suggested that
Paradiscogaster is significantly richer than the five species originally reported.
Diaz and Cribb (2013) and Diaz et al. (2013, 2015) examined the genus Paradiscogaster and
described four new species from the TIWP, three of them from chaetodontid fishes and one in a
species of Pomacanthidae. In the last study (attached as an appendix to this thesis) Diaz et al. (2015)
examined Paradiscogaster glebulae on the Great Barrier Reef, identifying a complex of species on the
basis of combined morphological and molecular analysis.
1.2.5. Molecular taxonomy for the Trematoda
In taxonomy, the incorporation of molecular studies has become an important tool for species
delineation in the last three decades. Although the morphological description of species remains
highly effective, the combination of morphological and molecular techniques contribute to the
superior delineation of species, especially when complexes of species are present.
There have been several reviews that consider DNA sequencing for the delineation of
trematode species and all agree that it is now necessary to incorporate molecular approaches to
trematode systematics (Nolan and Cribb 2005; Olson and Tkach 2005; Perez-Ponce de Leon and
Nadler 2010; Nadler and Perez-Ponce de Leon 2011; Poulin 2011; Diaz et al. 2015; Blasco-Costa et
al. 2016). Of these studies, the most recent review of molecular approaches to trematode systematics
(Blasco-Costa et al. 2016) summarises data from 2011 to 2015 from 252 studies published in 11 of
the major parasitology journals. It concluded that the number of studies that do not incorporate
molecular data has declined. There are now journals in which new species descriptions must be
accompanied by at least one informative DNA sequence (i.e. Journal of Helminthology).
Of the taxonomic and systematic studies incorporating molecular analysis for species
descriptions, most use the 18S, ITS1, 5.8S, ITS2 or 28S rDNA regions. The majority use the ITS
region, with over 70% of the studies considering this region, and the 28S region, with over 60% of
the studies incorporating this region (Blasco-Costa et al. 2016). The ITS rDNA regions represents a
powerful tool in species delineation for trematodes, being conservative at species level (Olson and
Tkach 2005; Poulin 2011; Diaz et al. 2015 and Blasco-Costa et al. 2016).
The number of base differences required to separate species level is debated, however. Several
studies of trematodes consider a range of between one to eight base pairs as evidence of distinction
(for example Nolan and Cribb 2005; Nolan and Cribb 2006; Cribb et al. 2014; Miller et al. 2009 and
Diaz et al. 2015). In cases where the number of base different is low, authors have supported their
studies with clear and evident morphological differences, demonstrating that the combination of
molecular approaches and morphological taxonomy is the best basis for the description of species.
81.2.6. Effects of diet on parasite fauna
In parasitism, the diet of the host is an important factor to consider, especially in the study of
endoparasites because infection is typically via the diet of the host. Thus, some herbivorous
mammals are infected by nematodes by grazing, predators like lions are infected with cestodes by
eating gazelles, and sheep with trematodes by accidental ingestion of ants; there are few diets in the
animal world that remain unexploited by parasites.
For trematodes of coral reef fishes, this ecological interaction is a key factor to consider;
piscivory leads to infection with Bucephalidae and Cryptogonimidae, a diet of invertebrates permits
infection with Lepocreadiidae and Monorchiidae, and a herbivorous diet leads to infections with
Gyliauchenidae and Haploporidae. For this reason, the study or understanding of the diet of fishes is
important in the study of trematodes because this is the pathway by which almost all trematodes
invade the host; it is thus one of the principal factors to consider in the structuring of the endoparasite
fauna of fishes (Poulin 2006). In this regard, if the host has a wide distribution, the factor that will
decide the richness of endoparasites will be the ability of the diet (and intermediate stages of the
parasites on this diet) to disperse to ion and be transmitted in these extended localities (Poulin 2006;
Diaz and Munoz 2010).
1.2.7. Corallivory and parasites
Corallivory is oftenconsidered an uncommon dietary behaviour, however, a surprising number
of fish species eat some coral tissue. Cole et al. (2008) reported 128 species that include coral polyps
in their diet. These fishes can be divided into obligate and facultative corallivores. The most
interesting group for this study are those using just coral as the main source of food, the obligate
corallivores. This category can be further crudely divided into the chaetodontids (about half the
species), the Labridae (three corallivorous genera), and the rest, comprising small numbers of species
from the Blenniidae, Gobiidae, Monacanthidae and Pomacentridae.
How a corallivorous diet can influence the composition of endoparasites on reef fishes is
poorly known. Studies in Hawaii by Aeby (1991, 1998, 2002, 2003) were the first and the only
report of larval trematodes in coral tissue, specifically from the genus Porites. There are other studies
related to parasites from coral reef fishes from the family Chaetodontidae, but they have focused on
the parasites in the definitive host and not on the intermediate stages in the coral reef (Bray et al.
1994; Cribb et al. 1999; Nolan and Cribb 2006; McNamara et al. 2012; Downie et al. 2011;
McNamara and Cribb, 2011; Diaz et al. 2013; Diaz et al. 2015). From these studies, multiple species
have been described from the TIWP, most of them from obligate coral feeders; however, the
mechanisms in which the parasites are introduced to the host remain unknown.
9The parasite fauna of the chaetodontid corallivores is incompletely known, the other
corallivores are almost completely unknown, and there is almost no understanding of the role of
corals in transmission.
1.3. Goals of this study
This thesis focuses on the taxonomy, systematics and phylogenetic status of the family
Faustulidae from fishes in the Tropical Indo-west Pacific (TIWP). This main goal can be divided into
four aims that relate to current taxonomic issues:
1. Determine the taxonomic status of species of Paradiscogaster.
Before this thesis, there were taxonomic issues relating to species of Paradiscogaster
(Faustulidae), which have been introduced by the advanced methodology of molecular techniques
in the taxonomic studies of parasites.
2. Create a phylogeny of Faustulidae species and examine the taxonomic issues identified
recently in the literature.
3. Examine the parasite fauna in non-chaetodontid corallivorous fishes.
4. Search for intermediate stages of Faustulidae parasites (known from corallivorous fishes)
in corals.
At present there is no information about the intermediate stages of any species of Faustulidae
and, thus, we do not know how the parasites are transmitted to the definitive host. However, we do
know that some butterflyfishes are obligate corallivores and we thus hypothesise that the
metacercariae of Faustulidae are transmitted through a diet of coral.
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Chapter 2
General Methodology
2.1. Collection of fishes
A significant collection of specimens was available to the study prior to the
commencement of my work, and further collections were done during the study. Specimens were
collected at seven major localities in the Tropical Indo-West Pacific: Ningaloo Reef (22°40′ S,
113°39′ E), off Palau (7° 21′ N, 134° 28′ E), off Lizard Island (14° 40′ S, 145° 27′ E), Swain Reefs
(21° 14′ S, 151° 50′ E), off Heron Island (23° 26′ S, 151° 54′ E), off New Caledonia (21° 15′ S, 165°
18′ E) and French Polynesia [Moorea (17° 32′ S, 149° 50′ W), Gambier Archipelago (23° 09′ S,
134° 58′ W) and Marquesas Archipelago (9° 00′ S, 139° 30′ W)] (Fig. 1).
Figure 1. Map of collecting localities. Numbers represent: 1. Ningaloo Reef; 2. Palau; 3. Lizard
Island; 4. Swain Reefs; 5. Heron Island; 6. New Caledonia; 7. French Polynesia.
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Fish were collected using different techniques depending on the distribution of the specimens
in the water column, and were collected by snorkelling and SCUBA Diving activities. Spearguns,
microspears, clove oil and nets were used for the collection of the fishes.
Once the fish were collected, they were identified using current fish identification books.
We used Allen et al. (1998) to identify butterflyfishes and Randall et al. (1997) to identify non-
chaetodontid fishes.
Fishes were transported alive to the laboratories of the research station, and dissection was
carried out immediately to avoid the death of the parasites. This technique is effective because the
movement of small parasites helps identify them, in contrast to the study of frozen samples.
The animal ethics and fish collection permits associated with this study are attached in the
appendix to this thesis.
2.2. Parasite collection
Parasites were collected from freshly-killed fish hosts. Faustulids always infect the digestive
tract, thus, the stomach content and intestine were opened, placed in a small container with saline
water, and shaken strongly. This process helps to remove all of the parasites attached to the digestive
tract. After shaking, the fluid was allowed to settle for approximately one minute and then the
superficial layer was discarded and the remainder was analysed under a stereo microscope (Cribb
and Bray 2010).
Once the parasites were collected, data relating to the fishes (identity, place of
collection, date, species and total length) were all recorded.
Parasites were heated-fixed by pipetting into saline solution just off the boil and preserved in
80% ethanol, which allows the specimens to be used for either molecular or morphological analysis.
2.3. Morphological analysis
For morphological analysis, it is important to prepare the parasites on slides for systematic
study and to take measurements, pictures and make drawings. The preparation of the specimens was
as follows:
1. Using cavity blocks, the worms for staining and mounting were washed with clean water once or
twice to remove ethanol.
2. Several drops of Mayer’s Haematoxylin were added to the water and the worms were left in this
solution for at least 30 minutes.
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3. The stain was removed and the sample was washed with clean fresh water.
4. Theworms were then dehydrated (all water removed). A series of ethanol were added and left
for 20-30 minutes for each stage. The series of ethanol were 50–70–90–96–100–100%.
5. Once the worms were dehydrated they were cleared with methyl salicylate. Methyl salicylate was
added to the dehydrated worms and then left for 20–30 minutes (the worms were already in a 100%
ethanol solution and pure Methyl salicylate was added to this solution to create 50% Methyl
salicylate. After this, the mixture was replaced by pure methyl salicylate.
6. Canada Balsam was used for mounting. The worm was oriented on the middle of a slide with a
pipette and the excess of methyl salicylate was removed. A small drop of Canada Balsam was
placed on the the worm. After this, the worm was oriented to the final position and covered with a
coverslip.
Once the slides were dried, measurements were made with an Olympus BX53 microscope
ﬁtted with an Olympus SC50 digital camera (Diagnostic Instruments, Inc.) using Olympus cellSens
Standard TM 1.13 imaging software. Worms were drawn using an Olympus U-DA drawing tube
and digitised using Adobe Illustrator CS6 software.
2.4. Molecular analysis
To extract the total genomic DNA from the parasites, we used a standard phenol-chloroform
extraction procedures slightly modified from Sambrook and Russell (2001) which consider the
following protocol organised by days:
On day 1, the worms were isolated in single tubes labelled and all the ethanol was removed.
Then, 500 μl of TE Buffer was added to each sample and left overnight in a water bath at 39 °C.
On day 2, a Ctab extraction was conducted starting with increasing the temperature of the water
bath to 55 °C. The TE Buffer added to the samples in day one was totally removed and replaced by
200 μl of TE Buffer and 20 μl of 20mg/ml Proteinase K was added to each sample and then they were
placed in the water bath (that should be already at 55 °C at this stage) and left for 2hrs. Each sample
was inverted and shaken every 20 minutes during this process to ensure a proper mix of the Proteinase
K which will start dissolving the samples tissue. After the two hours, 56 μl of 5M NaCl was added to
each sample plus 40 μl of Ctab and the samples were returned to a water bath at 65 °C for 10 minutes.
After this stage, 240 μl of chloroform was added to each sample and centrifuged for 5 minutes
at 9000 rpm. Now the samples have two layers in which, the top layer contains the DNA. After
centrifuging the samples, the top layer was placed in another tube and 240 μl of
phenol/chloroform/isoamylalcohol was added to each sample and centrifuged for 5 minutes at 9000
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rpm. The top layer was transferred to another tube and 240 μl of chloroform were added to each
sample and centrifuged for 5 minutes at 9000 rpm. After this, we placed the top layer in a new tube
and 160 μl 100% isopropanol was added to each sample. After this stage, the samples were
centrifuged for 10 minutes at 13000 rpm and all the ethanol was removed and replaced by 500 μl of
70% ethanol to each sample and then centrifuged for 5 minutes at 13000 rpm. After this, all the
ethanol was removed and the samples were placed in an oven letting them dry for 40 minutes at 37
°C. After this process, 25 μl of MilliQ water was added to the samples and left in the fridge overnight.
This is the last step of this extraction procedure and after this, the samples are ready for PCR.
The 28S rDNA region was amplified using the primers LSU5 (5′-TAG GTC GAC CCG CTG
AAY TTA AGC A-3′; Littlewood 1994) and 1500R (5′-GCT ATC CTG AGG GAA ACT TCG-3′;
Snyder and Tkach 2001) and the ITS2 region using the primers 3S (3S: 5′-GGT ACC GGT GGA
TCA CGT GGC TAG TG-3′; Morgan and Blair 1995) and ITS2.2 (5′-CCT GGT TAG TTT CTT
TTC CTC CGC-3′; Cribb et al. 1998).
The PCR for the 28S and ITS2 rDNA regions were performed in a total volume of 20 μl
consisting of 5 μl of 5× MyTaq Reaction Buffer (Bioline), 0.75 µl of each primer (10 pmols), 0.25
µl of Taq polymerase (Bioline MyTaq™ DNA Polymerase) and 2 µl of DNA template
(approximately 10 ng), made up to 20 µl with Invitrogen™ ultraPURE™ distilled water.
Amplification was carried out on a MJ Research PTC-150 thermocycler. The amplification of the
28S region was done using the following cycles: an initial 95°C denaturation for 4 min, followed by
30 cycles of 95°C denaturation for 1 min, 56°C annealing for 1 min, 72°C extension for 2 min,
followed by a single cycle of 95°C denaturation for 1 min, 55°C annealing for 45 s and a final 72°C
extension for 4 min. To amplify the ITS2 region, an initial single cycle of 95°C denaturation for 3
min, 45°C annealing for 2 min, 72°C extension for 90 s, followed by 4 cycles of 95°C denaturation
for 45 s, 50°C annealing for 45 s, 72°C extension for 90 s, followed by 30 cycles of 95°C denaturation
for 20 s, 52°C annealing for 20 s, 72°C extension for 90 s, followed by a final 72°C extension for 5
min. Amplified DNA of both regions was purified using a Bioline ISOLATE II PCR and Gel Kit
according to the manufacturer’s protocol. Cycle sequencing of purified DNA was carried out using
ABI Big Dye™ v.3.1 chemistry following the manufacturer’s recommendations, using the same
primers used for PCR amplification as well as the additional 28S primers 300F (5′-CAA GTA CCG
TGA GGG AAA GTT G-3′; Littlewood et al. 2000), ECD2 (5′-CCT TGG TCC GTG TTT CAA
GAC GGG-3′; Littlewood et al. 1997) and 1200R (5′-GCA TAG TTC ACC ATC TTT CGG-3′;
Lockyer et al. 2003). Cycle sequencing was carried out at the Australian Genome Research Facility.
Sequencher™ version 4.5 (GeneCodes Corp.) was used to assemble and edit contiguous sequences
and the start and the end of the ITS2 region were determined by annotation through the ITS2
Database (Keller et al. 2009; Ankenbrand et al. 2015).
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The partial ITS2 and 28S rDNA sequences generated were aligned using MUSCLE version
3.7 on MEGA 7 (Edgar 2004) with ClustalW sequence weighting and UPGMA clustering for
iterations 1 and 2. The resultant alignments were refined by eye using MESQUITE (Maddison &
Maddison, 2015) and the ends of each fragment were trimmed to match the shortest sequence.
To explore distinctions and relationships among the taxa selected, a Maximum Likelihood
analyses was performed for the 28S rDNA dataset with RAxML v8 (Randomized Axelerated
Maximum Likelihood, which is a popular program for phylogenetic analyses of large datasets under
maximum likelihood) (Stamatakis et al. 2008). This analysis was performed with closest
approximation of the GTR + Γ model and 1,000 bootstrap pseudoreplicates.
15
Chapter 3
Four new species of Paradiscogaster (Digenea: Faustulidae) from batfishes (Perciformes:
Ephippidae) on the Great Barrier Reef, Australia.
Manuscript published in Systematic Parasitology
Diaz, P.E., Cutmore, S.C. & Cribb, T. (2017). Four new species of Paradiscogaster (Digenea:
Faustulidae) from batfishes (Perciformes: Ephippidae) on the Great Barrier Reef, Australia.
Systematic Parasitology, 94(3): 339–349.
3.1. Abstract
Examination of three species of batfishes (Teleostei: Ephippidae) from off Lizard and Heron Islands
on the Great Barrier Reef led to the discovery of specimens of the trematode genus Paradiscogaster
Yamaguti, 1934 (Digenea: Faustulidae). Morphological analysis demonstrated that the new
specimens represented four morphotypes which we interpret to be new species: Paradiscogaster
martini n. sp., Paradiscogaster vichovae n. sp. and Paradiscogaster brayi n. sp. from Platax
orbicularis (Forsskål) and Platax pinnatus (Linnaeus) off Lizard Island, and Paradiscogaster
nitschkei n. sp. from Platax teira (Forsskål) off Heron Island. Published material was re-examined
and the specimens identified as Paradiscogaster chaetodontis okinawensis Yamaguti, 1971 from Pl.
pinnatus from Okinawa, Japan, actually represent the new species Pa. brayi n. sp., demonstrating that
some species of Paradiscogaster have wide geographical distributions. ITS2 rDNA data for the four
morphotypes differ by 4–39 base pairs confirming the delineation of the four species proposed. A
feature of this study is the recognition of Platax spp. as an important host group for Paradiscogaster,
with the new species placing them as the second richest host group for these parasites after the
Chaetodontidae.
3.2. Introduction
The genus Paradiscogaster Yamaguti, 1934 (Faustulidae) is currently represented by 26
nominal species, all of which have been reported from the Indo-West Pacific. Recent studies have
shown that Paradiscogaster spp. are frequently associated with corallivorous fishes (Diaz et al. 2013;
Diaz and Cribb 2013; Diaz et al. 2015), including several which have an obligatory diet of coral
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polyps. However, some species of the genus have been found in fishes with omnivorous diets, such
as Paradiscogaster farooqii Hafeezullah and Siddiqi 1970 which infects Scatophagus argus
(Linnaeus) (see Hafeezullah and Siddiqi 1970) and Paradiscogaster chaetodontis okinawaensis
Yamaguti 1971 reported from Platax pinnatus (Linnaeus) (Ephippidae) from Okinawa, Japan (Dyer
et al. 1988).
This study is focused on an omnivorous group of fishes, the genus Platax Cuvier (batfishes).
Platax comprises five species, most of which are associated with Indo-Pacific coral reefs (Randall et
al. 1997). Adults are considered omnivorous, with a diet including benthic invertebrates and
zooplankton (Randall and Emery 1971; Randall et al. 1997). Barros et al. (2008) recently reported
that the diet of juvenile batfishes differs from that of the adults, showing that juvenile Platax
orbicularis (Forsskål) are zooplanktivorous but they also display a picking-feeding behaviour,
feeding on algae covering floating materials.
The present study describes, on the basis of morphology and molecular data, four new
Paradiscogaster species in three Platax spp. from the Great Barrier Reef.
3.3. Methodology
3.3.1. Collection of trematode specimens
Specimens of four species of Platax were collected via spearfishing from off Lizard Island
(14°40'S, 145°27'E), Swain Reefs (21°14'S, 151°50'E), and off Heron Island (23°26'S, 151°54'E) on
the Great Barrier Reef. Fish taxonomy follows Fishbase (Froese and Pauly 2018). Fishes were
euthanized and dissected immediately, the digestive tract was removed and examined using the gut
wash approach following Cribb and Bray (2010). Trematodes collected were fixed by pipetting them
into near boiling saline followed by immediate preservation in 80% ethanol for parallel morphological
and molecular characterisation (Cribb and Bray 2010). Specimens reported by Dyer et al. (1988) from
batfishes from Okinawa, Japan were borrowed from the Smithsonian National Museum of Natural
History (USNM) for comparison with the present species.
3.3.2. Morphological analysis
Specimens for morphological examination were prepared and mounted according to Diaz et
al. (2016). Measurements were made with an Olympus BX53 microscope fitted with an Olympus
SC50 digital camera (Diagnostic Instruments, Inc.) using Olympus cellSens StandardTM1.13 imaging
software. Worms were drawn using an Olympus U-DA drawing tube and Adobe Illustrator CS6
software. All measurements are in micrometres (µm) and are given as the range followed by the mean
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in parentheses. Where length is followed by breadth, the two measurements are separated by ‘’.
When limited material was available for measurements of specific features, the number of specimens
is given (n). The type-specimens are lodged in the Queensland Museum (QM), Brisbane, Queensland.
3.3.3. Molecular analysis
Total genomic DNA from Paradiscogaster specimens was extracted using standard phenol-
chloroform extraction procedures (Sambrook and Russell 2001). Amplification of the ITS2 nuclear
ribosomal DNA region was performed with the forward primer 3S (5'-GGT ACC GGT GGA TCA
CGT GGC TAG TG-3') (Morgan and Blair 1995) or GA1 (5'-AGA ACA TCG ACA TCT TGA AC-
3') (Anderson and Barker 1998) and the reverse primer ITS2.2 (5'-CCT GGT TAG TTT CTT TTC
CTC CGC-3') (Cribb et al. 1998). PCR was performed in a total volume of 20 μl consisting of
approximately 10 ng of DNA, 5 μl of 5MyTaq Reaction Buffer (Bioline, United Kingdom), 0.75 μl
of each primer (10 μM) and 0.25 μl of Taq DNA polymerase (Bioline MyTaqTM DNA Polymerase),
made up to 20 μl with InvitrogenTM ultraPURETM distilled water. Amplification was carried out on a
MJ Research PTC-150 thermocycler using the following profile: an initial single cycle of 95°C
denaturation for 3 min, 45°C annealing for 2 min, 72°C extension for 90 s, followed by 4 cycles of
95°C denaturation for 45 s, 50°C annealing for 45 s, 72°C extension for 90 s, followed by 30 cycles
of 95°C denaturation for 20 s, 52°C annealing for 20 s, 72°C extension for 90 s, followed by a final
72°C extension for 5 min. Amplified DNA was purified using a Bioline Isolate II PCR and Gel Kit,
according to the manufacturer’s protocol. Cycle sequencing of purified DNA was carried out using
ABI Big DyeTM v.3.1 chemistry following the manufacturer’s recommendations, using the
amplification primers. Sequencing was carried out at the Australian Genome Research Facility using
an AB3730xl capillary sequencer. SequencherTM version 4.5 (GeneCodes Corp.) was used to
assemble and edit contiguous sequences. The start and end of the ITS2 rDNA region was determined
by annotation though the ITS2 database (with the exception of the partial sequence from
Paradiscogaster nitschkei n. sp.) (Ankenbrand et al. 2015; Keller et al. 2009).
The ITS2 rDNA sequences generated during this study were aligned with the sequences
obtained from GenBank using MUSCLE version 3.7 (Edgar 2004). The resultant alignment was
reﬁned by eye using Mega 7 (Kumar et al. 2016) and the ends of each fragment were trimmed to
match the shortest sequence in the alignment.
Pairwise distances were calculated with Mega 7 using the number of differences model. The
substitution model set was 'nucleotide', and the substitutions to include were 'transitions +
transversions'; the data subset used was 'complete deletion'.
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3.4. Results
Five specimens of Platax batavianus Cuvier from off Heron Island and four from Swain
Reefs, four specimens of Pl. teira (Forsskål) from off Heron Island, one specimen of Pl. orbicularis
from off Lizard Island and seven specimens of Pl. pinnatus from off Lizard Island were examined for
trematodes. None of the specimens of Pl. batavianus was infected with faustulid trematodes;
however, all individuals of the three other species were infected with at least one species of
Paradiscogaster.
Four distinct species were recognised on the basis of morphological and molecular data, all of
which are considered to be new to science and are described below.
3.4.1. Morphological results
Family Faustulidae Poche, 1926
Genus Paradiscogaster Yamaguti, 1934
Paradiscogaster martini n. sp.
Type-host: Platax pinnatus (Linnaeus), pinnate batfish (Ephippidae).
Other hosts: Platax orbicularis (Forsskål), orbicular batfish (Ephippidae).
Type-locality: Off Lizard Island (14°40'S, 145°27'E), northern Great Barrier Reef, Queensland,
Australia.
Type-material: Holotype (QM G235656) and three paratypes, QM G235657-9.
Site in host: Intestine.
Prevalence: Pl. pinnatus: 5 out of 7 fish infected; Pl. orbicularis: 1 out of 1 infected.
Representative DNA sequences: Three identical ITS2 rDNA replicates (two submitted to GenBank
KY574455 and KY574456).
ZooBank registration: To comply with the regulations set out in article 8.5 of the amended 2012
version of the International Code of Zoological Nomenclature (ICZN, 2012), details of the new
species have been submitted to ZooBank. The Life Science Identifier (LSID). The LSID for
Paradiscogaster martini n. sp. is
urn:lsid:zoobank.org:act:B4A32065E5A649CB999EBEC715828B8F.
Etymology: This species is named in honour of the first author's colleague and friend, Storm Martin,
who helped to collect several important host specimens.
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Description (Fig. 1A)
[Measurements based on 4 mature, unflattened worms.] Body oval, rounded anteriorly and
posteriorly, 497–596  312–453 (561  388), body width occupying 65–77 (69)% of body length.
Tegument spinose. Oral sucker slightly wider than long, 131–168  132–180 (143  159), occupying
50–59 (54)% of ventral sucker width. Prepharynx short, within posterior concavity of oral sucker.
Pharynx small, 51–53  45–65 (52  55). Oesophagus short, 11–17 (14) long. Intestinal bifurcation
anterior to anterior margin of ventral sucker. Caeca short, divergent, reaching only slightly past
anterior margin of ventral sucker. Forebody 160–199 (182) long, occupying 29–34 (32)% of body
length. Ventral sucker massive, rounded, positioned in midbody, anteriorly reaching close to posterior
margin of oral sucker, 154–221  224–326 (186  292), occupying 31–37 (33)% of body length and
72–79 (75)% of body width; appendages absent from anterior and posterior margins.
Testes 2, entire, opposite, well-separated, immediately posterior to ventral sucker, 64–123 
57–110 (97  86). Cirrus-sac oval, with bipartite seminal vesicle, positioned almost entirely dorsal to
ventral sucker, 133–139  76–101 (136  89). Pars prostatica long, prominent. Eversible ejaculatory
ducts short. Genital pore between anterior margin of ventral sucker and posterior margin of oral
sucker, usually not clear in dorso-ventral view.
Ovary entire, submedial, anterior to testes, dorsal to ventral sucker, 85–102  83–87 (94 
85). Seminal receptacle and Laurer’s canal obscured by uterus. Vitelline follicles rounded, generally
in separate lateral fields, almost entirely anterior to ventral sucker, reaching well anterior to posterior
margin of oral sucker, follicles 22–37 (30) in diameter. Uterus extensive, dorsal to ventral sucker,
fills hindbody; final loop of uterus runs ventrally parallel to cirrus-sac. Eggs tanned, operculate,
slightly smaller than vitelline follicles, 20–32  17–18 (27  18).
Excretory vesicle short, Y-shaped; stem short; arms short, saccular restricted to region
posterior to testes.
Paradiscogaster vichovae n. sp.
Type-host: Platax pinnatus (Linnaeus), pinnate batfish (Ephippidae).
Other hosts: Platax orbicularis (Forsskål), orbicular batfish (Ephippidae).
Type-locality: Off Lizard Island (14°40'S, 145°27'E), northern Great Barrier Reef, Queensland,
Australia.
Type-material: Holotype (QM G235660) and 10 paratypes, QM G235661-70.
Site in host: Intestine.
Prevalence: Pl. pinnatus: 5 out of 7 fish infected; Pl. orbicularis: 1 out of 1 infected.
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Representative DNA sequences: Two identical ITS2 rDNA replicates (one submitted to GenBank
KY574454).
ZooBank registration: To comply with the regulations set out in article 8.5 of the amended 2012
version of the International Code of Zoological Nomenclature (ICZN, 2012), details of the new
species have been submitted to ZooBank. The Life Science Identifier (LSID). The LSID for
Paradiscogaster brayi n. sp. is
urn:lsid:zoobank.org:act:85BDDAF93B9845668F9CFCDF1A34C458.
Etymology: This species is named in honour of the first author´s colleague and friend, Dr Bronislava
Vichova.
Description (Fig. 1B)
[Measurements based on 11 mature, unflattened worms.] Body elongated, pointed posteriorly, 455–
523  154–200 (489  178), body occupying 33–40 (37)% of body length. Tegument spinose. Oral
sucker uniformly slightly wider than long, 69–77  81–93 (73  88), occupying 86–98 (92)% of
ventral sucker width. Prepharynx short, 9–14 (12) long. Pharynx small, 19–22  26–31 (21  29).
Oesophagus reaches mid-forebody. Intestinal bifurcation in mid-forebody, anterior to ventral sucker.
Caeca short, terminate close to anterior margin of ventral sucker. Forebody 203–272 (238) long,
occupying 44–52 (49)% of body length. Ventral sucker oval, longer than wide, 106–138  90–101
(127  96), occupying 23–27 (26)% of body length; appendages absent from anterior and posterior
margins.
Testes 2, entire, opposite, almost contiguous, dorsal to ventral sucker, 71–86  61–75 (80 
88). Cirrus-sac oval, with bipartite seminal vesicle, entirely anterior to ventral sucker, 84–110  40–
55 (136  48). Pars prostatica narrow. Eversible ejaculatory ducts short. Genital pore median, close
to level of intestinal bifurcation.
Ovary entire, submedial, anterior to and smaller than testes, dorsal to ventral sucker, 50–61 
46–57 (55  52). Seminal receptacle globular, post ovary, dorsal to testes. Laurer’s canal opening at
the level of ovary. Vitelline follicles rounded, in separate lateral fields, almost entirely anterior to
ventral sucker, not reaching anteriorly to intestinal bifurcation, follicles 23–34 (27) in diameter.
Uterus dorsal to ventral sucker and fills hindbody; final loop of uterus runs ventrally parallel to cirrus-
sac. Eggs tanned, operculate, smaller than vitelline follicles, 19–29  13–16 (26  14).
Excretory pore terminal. Excretory vesicle short, Y-shaped; stem short; arms saccular,
restricted to region posterior to testes.
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Paradiscogaster brayi n. sp.
Syn. Paradiscogaster chaetodontis okinawaensis of Dyer et al. (1988)
Type-host: Platax pinnatus (Linnaeus), pinnate batfish (Ephippidae).
Other hosts: Platax orbicularis (Forsskål), orbicular batfish (Ephippidae).
Type-locality: Off Lizard Island (14°40'S, 145°27'E), northern Great Barrier Reef, Queensland,
Australia.
Other locality: Off Okinawa (26°37'N, 127°52'E), Japan.
Type material: Holotype (QM G235671) and three paratypes, QM G235672-4.
Site in host: Intestine.
Prevalence: Pl. pinnatus: 5 out of 7 fish infected; Pl. orbicularis: 1 out of 1 infected.
Representative DNA sequences: Two identical ITS2 rDNA replicates (one submitted to GenBank
KY574457).
ZooBank registration: To comply with the regulations set out in article 8.5 of the amended 2012
version of the International Code of Zoological Nomenclature (ICZN, 2012), details of the new
species have been submitted to ZooBank. The Life Science Identifier (LSID). The LSID for
Paradiscogaster brayi n. sp. is
urn:lsid:zoobank.org:act:D366BD2C8E404B0494C9BB0C96DD1780.
Etymology: This species is named in honour of Dr Rodney A. Bray (Natural History Museum, UK),
in recognition of his significant contribution to the understanding of marine trematodes.
Description (Fig. 1C, D)
[Measurements based on four mature, unflattened worms from Pl. pinnatus from Lizard Island.] Body
oval-elongated, pointed posteriorly, 396–440  213–236 (421  221), body occupying 49–55 (52)%
of body length. Tegument spinose. Oral sucker uniformly wider than long, 70–112  106–132 (89 
116), occupying 65–74 (71)% of ventral sucker width. Prepharynx short, within posterior concavity
of oral sucker. Pharynx small, 22–36  35–40 (32  37). Oesophagus very short, effectively absent.
Intestinal bifurcation almost entirely dorsal to anterior margin of ventral sucker. Caeca short,
terminate dorsal to ventral sucker. Forebody 90–142 (113) long, occupying 23–34 (27)% of body
length. Ventral sucker oval, 135–186  148–200 (159  173), occupying 32–42 (38)% of body length;
appendages absent from anterior and posterior margins.
Testes 2, entire, opposite, in midbody, dorsal to ventral sucker, 37–38  35–37 (38  36).
Cirrus-sac oval, with bipartite seminal vesicle, dorsal to ventral sucker, 113  66 (n = 1). Pars
prostatica long, straight, prominent. Eversible ejaculatory ducts short. Genital pore immediately
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anterior to margin of ventral sucker, usually not clearly visible in dorso-ventral view.
Ovary entire, slightly posterior to testes, dorsal to ventral sucker, 42  42 (n = 1). Seminal
receptacle globular, anterior to ovary, intertesticular. Laurer’s canal opens dorsally, just anterior to
level of ovary. Vitelline follicles rounded, in separate lateral fields, entirely dorsal to ventral sucker,
follicles 20–23 (22) in diameter. Uterus extensive, dorsal to ventral sucker, fills hindbody; final loop
of uterus runs ventrally parallel to cirrus-sac. Eggs tanned, operculate 26–34  14–19 (30  17).
Excretory pore terminal. Excretory vesicle short, Y-shaped; stem short; arms saccular,
restricted to region posterior to ovary.
Measurements of specimens described by Dyer et al. (1988)
We here illustrate one of the specimens of Dyer et al. (1988) (Fig. 1D), showing the close similarity
between it and the Australian material. Basic measurements of eight Japanese specimens of Dyer et
al. (1988) are as follows: body 392–469  224–302 (439  263); oral sucker oval, 84–106  94–129
(95  114); pharynx 29–39 (33) long; ventral sucker oval, wider than long, 102–168  146–229 (136
 195); testes 47–56  42–55 (53  49); cirrus-sac oval, 91–114  60–67 (103  64) with bipartite
seminal vesicle; ovary slightly larger than testes, 49–56  65–69 (52  67); vitelline follicles rounded,
bigger than those from specimens of Pa. brayi n. sp. from Lizard Island, 31–36 (34) in diameter; eggs
tanned, 30–33  15–19 (32  17).
Remarks
Specimens identified as Paradiscogaster chaetodontis okinawaensis by Dyer et al. (1988)
from Pl. pinnatus, Okinawa, Japan, were borrowed from the USNM. These specimens (USNM78985)
do not resemble Paradiscogaster chaetodontis okinawaensis which was synonymised by Yamaguti
(1971) with Pa. chaetodontis Yamaguti, 1942 nec Yamaguti (1938). None of the forms collected and
reported by Dyer et al. (1988) from batfishes are consistent with the specimens collected by
Yamaguti. Instead, they agree well with Pa. brayi n. sp. from Pl. pinnatus and P. orbicularis from
off Lizard Island.
Paradiscogaster chaetodontis okinawaensis differs from P. brayi n. sp. from off Lizard Island
and the specimens reported by Dyer et al. (1988), in the position of the cirrus-sac, intestinal
bifurcation and vitelline follicles, which is anterior to the anterior margin of the ventral sucker in Pa.
chaetodontis okinawaensis and dorsal to the ventral sucker in P. brayi n. sp. The position of the ovary
is parallel to the testes in Pa. chaetodontis okinawaensis and slightly posterior to the testes in Pa.
brayi n. sp. and the eggs are smaller in Pa. chaetodontis okinawaensis (21–27  11–15).
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Paradiscogaster nitschkei n. sp.
Type-host: Platax teira (Forsskål), teira batfish (Ephippidae).
Type-locality: Off Heron Island (23°26ˈS, 151°54ˈE), Great Barrier Reef, Queensland, Australia.
Type material: Holotype (QM G235675) and three paratypes, QM G235676-8.
Site in host: intestine
Prevalence: Four out of four fish infected.
Representative DNA sequences: Two identical partial ITS2 rDNA replicates (one submitted to
GenBank KY574458).
ZooBank registration: To comply with the regulations set out in article 8.5 of the amended 2012
version of the International Code of Zoological Nomenclature (ICZN, 2012), details of the new
species have been submitted to ZooBank. The Life Science Identifier (LSID). The LSID for
Paradiscogaster nitschkei n. sp. is
urn:lsid:zoobank.org:act:83B5E9D203784CC08F3F417C61E67CDD.
Etymology: This species is named in honour of the first author´s colleague and friend Dr Matthew
Nitschke, who assisted in the collection of fishes from Heron Island.
Description (Fig. 1E)
[Measurements based on four mature, unflattened worms.] Body distinctively elongated, pointed
posteriorly, 723–1,092  248–270 (932  259), body occupying 24–37 (29)% of body length.
Tegument spinose. Oral sucker slightly wider than long, 110–129  122–141 (117  132), occupying
58–64 (62)% of ventral sucker width. Prepharynx short, 12–16 (14) long. Pharynx small, 32–44 
38–41 (37  40). Oesophagus distinctively long, reaches well into posterior forebody, 118–305 (216)
long. Intestinal bifurcation in posterior half of forebody. Caeca short, extend to midbody, terminate
anterior to ventral sucker at level of anterior extent of vitelline follicles. Forebody 379–583 (497)
long, occupying 52–54 (53)% of body length. Ventral sucker oval, wider than long, 170–223  191–
231 (189  215), occupying 16–31 (21)% of body length; appendages absent from anterior and
posterior margins. Testes 2, entire, opposite, well-separated, in mid-hindbody, 80  79 (n = 1). Cirrus-
sac prominent, oval, with bipartite seminal vesicle, 120–221  65–112 (162  93), anterior to ventral
sucker. Pars prostatica long, prominent. Eversible ejaculatory ducts long. Genital pore in mid-
forebody, anterior to intestinal bifurcation. Ovary median, entire, anterior to testes, immediately
posterior to ventral sucker, 105  103 (n = 1). Seminal receptacle and Laurer’s canal obscured by
uterus. Vitelline follicles rounded, dorsal and anterior to ventral sucker, confluent medially, 33–41
(37) in diameter. Eggs tanned, operculate, distinctly smaller than vitelline follicles, 23–25 × 14–16
(24 × 15). Excretory pore terminal. Excretory vesicle short, sacular; arms saccular.
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Figure 1. Species of Paradiscogaster from ephippid fishes. A, Paradiscogaster martini n. sp. ex
Platax pinnatus off Lizard Island; B, Paradiscogaster vichovae n. sp. ex Platax orbicularis off Lizard
Island; C, Paradiscogaster brayi n. sp. ex Platax pinnatus off Lizard Island; D, Paradiscogaster brayi
n. sp. ex P. pinnatus from Japan; drawn from USNM specimen 78985 reported by Dyer et al. (1988);
E, Paradiscogaster nitschkei n. sp. ex Platax teira off Heron Island. Scale-bar: 200 µm.
3.4.2. Molecular data
Complete ITS2 rDNA sequences were generated for five individuals of the new species of
Paradiscogaster: three for Pa. martini n. sp., one each for Pa. vichovae n. sp. and Pa. brayi n. sp.
25
Each sequence consisted of 27 bp of flanking 5.8S rDNA, 224 bp of ITS2 and 49 bp of flanking 28S
rDNA. Two partial sequences were generated for Pa. nitschkei n. sp.; it was not possible to obtain
the full length of the ITS2 rDNA from these last two sequences, due to un-sequenceable repeat region
(A/T) towards the 3' end of the ITS2 region. However, the fragments obtained were sufficient to
identify differences between this and the other new species.
Pairwise distances analysis was conducted on the aligned and trimmed dataset and showed
that sequences of Pa. martini n. sp. differed from those of Pa. vichovae n. sp. by 16 bp, of Pa. brayi
n. sp. by 20 bp and of Pa. nitschkei n. sp. by 39 bp (although as noted the Pa. nitschkei n. sp. sequence
is a partial ITS2 sequence only). Paradiscogaster vichovae n. sp. and Pa. brayi n. sp. differ by the
lowest level (4 bp) and Pa. vichovae n. sp. and Pa. nitschkei n. sp. differ by the higher level (34 bp).
Distances between the new species and those reported previously for Paradiscogaster spp. (for which
ITS2 data are available) are shown in Table 1.
Table 1. Pairwise analysis of ITS2 rDNA sequences generated in this study and for other published
species. GenBank accession numbers for previously described species are given in parentheses.
Paradiscogaster species 1. 2. 3. 4. 5. 6. 7. 8. 9.
1 Paradiscogaster flindersi (KF017542) –
2 Paradiscogaster glebulae (KR827596) 44 -
3 Paradiscogaster melendezi (KR827597) 42 4 -
4 Paradiscogaster munozae (KR827600) 42 3 3 -
5 Paradiscogaster vichovae n. sp. 38 33 31 32 -
6 Paradiscogaster martini n. sp. 40 37 35 36 12 -
7 Paradiscogaster brayi n. sp. 38 35 33 34 4 16 -
8 Paradiscogaster nitschkei n. sp. 44 23 21 20 34 37 36 -
9 Paradiscogaster oxleyi (KF017535) 42 9 10 9 32 36 34 22 -
3.5. Discussion
3.5.1. Morphological taxonomy
The new species described here possess distinctive morphology, and can be reliably
distinguished from each other and from all other species in the genus.
The oval body shape of Pa. martini n. sp. is strongly distinctive relative to most of the other
Paradiscogaster species, with the exception of three species found in monacanthid fishes:
Paradiscogaster aluteri Machida, 1972, Paradiscogaster dweorg Cribb, Anderson and Bray 1999
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and Paradiscogaster hainanensis (Shen, 1990) Cribb, Anderson & Bray, 1999. These three species,
together with Pa. martini n. sp., possess a generally rounded body. However, the new species differs
from Pa. aluteri in body length, reaching only half the size of Pa. aluteri (1,170–1,620 µm).
Paradiscogaster martini n. sp. differs from Pa. dweorg in having a rounded rather than a pointed
posterior extremity and the ventral sucker not occupying the full body width (ventral sucker
occupying 72–79 (75)% of body width in Pa. martini n. sp. vs 84–89 (86)% in Pa. dweorg). It differs
clearly from Pa. hainanensiswhich has the genital pore lateral to the oral sucker and vitelline follicles
extending into the hindbody.
Paradiscogaster vichovae n. sp. possesses an elongated and pointed body shape with an oval
ventral sucker longer than wide, morphological features that are strongly distinctive relative to most
of the other Paradiscogaster species, with the exception of Pa. eniwetokensis Martin & Hammerich,
1970 which is similar in shape and size, position of the testes and ovary and size of vitelline follicles
and eggs. However, it differs from Pa. eniwetokensis in the shape and size of the ventral sucker which
is smaller and more elongated in Pa. vichovae n. sp. The original description of Pa. eniwetokensis by
Martin and Hammerich (1970) and the redescription by Bray et al. (1994), show a rounded ventral
sucker slightly wider than long whereas in Pa. vichovae n. sp. it is longer than wide.
The elongate-oval and posteriorly pointed body shape with a rounded ventral sucker and very
short forebody of Paradiscogaster brayi n. sp. differs from most other Paradiscogaster species with
the exception of Paradiscogaster quasimodo Cribb, Anderson and Bray 1999. However, the two
species differ in several characters: Pa. quasimodo does not have tegumental spines whereas Pa. brayi
n. sp. is clearly spinose; in body length, Pa. quasimodo is larger than Pa. brayi n. sp. (697–851 (759)
vs 397–440 (421) µm, respectively). The ventral sucker is also absolutely larger in Pa. quasimodo
and in lateral view, it is directed antero-ventrally (vs dorso-ventrally in Pa. brayi n. sp.). Furthermore,
the testes of Pa. quasimodo are more than four times the size of those of Pa. brayi n. sp.
Specimens of Pa. brayi n. sp. from Lizard Island differ slightly on the size of the vitelline
follicles of specimens examined from Dyer et al. (1988). However, there are no other important
variations between morphological characters that can indicate that specimens from these two
localities are different species.
Paradiscogaster nitschkei n. sp. differs from most of the Paradiscogaster species in its
massive elongated and posteriorly pointed body shape, and prominent cirrus-sac. In body shape, it
resembles Pa. vichovae n. sp. and Pa. eniwetokensis; in the case of Pa. eniwetokensis it resembles
the morphotypes from Chelmon rostratus (Linnaeus) (Figure 19 in Bray et al. 1994) and Chaetodon
trifascialis Quoy & Gaimard (Figure 24 in Bray et al. 1994). However, Pa. nitschkei n. sp. differs
from Pa. eniwetokensis in having a cirrus-sac that is entirely anterior to the ventral sucker whereas in
the original description (Martin and Hammerich 1970) and in all morphotypes described by Bray et
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al. (1994), the cirrus-sac is dorsal to the anterior part of the ventral sucker. Paradiscogaster nitschkei
n. sp. differs from Pa. vichovae n. sp. in the body length, being almost twice the length of Pa. vichovae
n. sp. and also differs in the relative length of the oesophagus and cirrus-sac, which are prominent
and highly elongated in Pa. nitschkei n. sp.
3.5.2. Molecular analysis
This study is the first to report sequence data for Faustulidae from ephippid hosts. The level
of difference between species is consistent with what has been reported to distinguish species in many
groups of trematodes (Nolan and Cribb, 2005), and specifically for morphologically distinct species
of Paradiscogaster (Diaz et al. 2013; Diaz et al. 2015). The differences found in the molecular results
support the differences found in morphology, helping to validate the proposed new species.
The pairwise analysis between the new species and previously reported species for which
molecular data are available, indicate a high number of differences between these species, including
from 20–44 bp in the case of the partial sequences of Pa. nitschkei n. sp. and between 35–40, 33–38,
31–38 bp for Pa. martini n. sp., Pa. brayi n. sp. and Pa. vichovae n. sp., respectively (Table 1).
3.5.3. Ephippidae as hosts for Paradiscogaster
A feature of this study is the recognition of Platax species as an important host group for
Paradiscogaster species. Prior to this study, there was only one record of Faustulidae in a Platax
species from Japan (Dyer et al. 1988) which is here interpreted as one of the new species, Pa. brayi
n. sp. As a result of the descriptions here, Platax is now the second richest host group for these
parasites after the Chaetodontidae, which are hosts to nine species; the Monacanthidae also host four
species, followed by the Ostraciidae and Carangidae with three species, the Drepaneidae and
Pomacanthidae with two species, and three families, the Pleuronectidae, Terapontidae and
Kyphosidae, each with one species.
According to our records, species of Platax have been examined for trematodes from 1965 to
2012, with 22 trematode species from ten families (Acanthocolpidae Lühe 1906, Bucephalidae Poche
1907, Didymozoidae Monticelli 1888, Faustulidae Poche 1926, Fellodistomidae Nicoll 1909,
Lecithasteridae Odhner 1905, Lepocreadiidae Odhner 1905, Monorchiidae Odhner 1911,
Opecoelidae Ozaki 1925 and Sclerodistomidae Odhner 1927) reported in 16 publications from the
Indo-west Pacific (Shen 1990; Ku and Shen 1965; Mamaev 1970; Dyer et al. 1988; Hafeezullah 1990;
Machida 1982; Bray and Cribb 2003; Bray et al. 2010; Bray and Justine 2012; Toman 1978, 1989;
Madhavi 1972; Ahmad 1982; Manter 1969; Lester and Sewell 1990; Gu and Shen 1979). Of all these
studies, that of Dyer et al. (1988) was the only one to record a faustulid species. Paradiscogaster
species are small parasites, with typical body lengths ranging from 600 to 1,000 µm. Three of the
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four species reported here are relatively small for the genus. This feature of this group of parasites
may have led to them being overlooked in favour of larger parasites. Thus, it seems likely that Platax
will prove an important group of hosts for Paradiscogaster elsewhere in the Tropical Indo-west
Pacific.
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Chapter 4
The Paradiscogaster eniwetokensis (Digenea: Faustulidae) species complex in Indo-
Pacific chaetodontid fishes (Teleostei: Perciformes), with description of two new species.
4.1. Abstract
The taxonomic status of species resembling Paradiscogaster eniwetokensis Martin &
Hammerich, 1970 is analysed morphology and ITS2 rDNA sequence data. We examined 1,523
individuals of 34 species of chaetodontids from three localities on the Great Barrier Reef
(GBR), 809 individuals of 26 species from five locations in French Polynesia (FP), and 33
individuals of 13 species from Japan. Specimens resembling P. eniwetokensis were found from
12 hosts off Heron Island, six off Lizard Island, two off Swain Reefs, three in Japan and two in French
Polynesia. The analyses suggest that these specimens comprise three species with interspecific
differences in ITS2 sequences comprising 7–15 base pairs. Paradiscogaster eniwetokensis
sensu stricto (s.s) is identified on the GBR from C. trifascialis Quoy & Gaimard (type-host)
as well as C. aureofasciatus Macleay, C. baronessa, C. bennetti, C. ornatissimus, C. plebeius
Cuvier, C.rafflesi Bennett, C. rainfordi McCulloch, C. speculum, C. ulietensis Cuvier and C.
unimaculatus Bloch. This species is heavily concentrated (eight species) in Chaetodon Clade
3 which are obligate corallivores, but not all species of this clade are infected. None of 123 C.
lunulatus and only one of 87 C. baronessa were infected at sites where other species of Chaetodon
are infected. Infections of P. eniwetokensis are far more common (62 of 232 individuls of susceptible
species; 26.7%) at Heron Is. than at Lizard Is. (8 of 181 individuals of susceptible species; 4.4%).
Sequences of P. eniwetokensis differed by no more than one base position and there was no evidence
of geographical variation between the three GBR sites. This species has not been detected at FP or in
Japanese waters. Paradiscogaster armandoi n. sp. is described from Chaetodon flavirostris
from Heron Island and was also found in C. flavirostris and C. lunula from the Australs
Archipelago in FP, and from C. auripes and C. rafflesi from Okinawa, Japan; specimens from the
three localities differ from each other by a maximum of 2 base pairs. Paradiscogaster adrianae n.
sp. is described from Chelmon rostratus, from Heron Is; no species of Chelmon occur in French
Polynesia and, although C. rostratus reaches southern Japan, there are no records of parasites from it
there. Morphological examination of specimens corresponding to the three species
distinguished by ITS2 sequences reveals reliable bases for their distinction. Each of the three
species is quite distinct in the combination of its known host and geographic distribution.
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4.2. Introduction
Species of the genus Paradiscogaster Yamaguti, 1934 (Faustulidae) are known to
infect 13 families of fishes, of which the Carangidae, Chaetodontidae, Drepaneidae,
Ephippidae, Monacanthidae, Ostraciidae and Triacanthidae each have more than one reported
species. Of these, the Chaetodontidae has the richest fauna, with ten species reported from
Japan, Eniwetok Atoll in the Marshall Islands, and especially the Great Barrier Reef (GBR)
(Martin and Hammerich 1970; Bray et al. 1994; Cribb et al. 1999; Diaz et al. 2013; Diaz et
al. 2015). Paradiscogaster species have been reported to have an asymmetric distribution,
with some distributed extensively in the Tropical Indo-west Pacific (TIWP) and some with
apparently restricted distributions (Bray et al. 1994, Cribb et al. 1999, Diaz et al. 2013, Diaz
et al. 2015).
Paradiscogaster eniwetokensis was described by Martin and Hammerich (1970) from
Eniwetok Atoll in the Marshall Islands from Chaetodon trifascialis. Later, Bray et al. (1994)
reported the species from 13 species of chaetodontid fishes, including C. trifascialis, from
Heron Island, GBR.
Bray et al. (1994) suggested that, on the basis of variation in the morphology of the
ventral sucker and variations in the testicular configuration, that the forms from Chelmon
rostratus and Chaetodon flavirostris were the atypical (ventral sucker without equatorial ridge
and oblique testes) and that they may be separate species. In the last decade, studies of
trematodes of fishes have shown that complexes of species occur commonly, especially for
widespread species and where molecular studies have not been used (Blasco-Costa et al.
2010). There are now reports of what have been interpreted as cryptic species for multiple
trematode genera (see Hunter and Cribb 2012; Hunter et al. 2012; Miller et al. 2010a; Curran
et al. 2013; Rosas-Valdez et al. 2011; Diaz at el. 2015). Thus, we examined all forms
resembling Paradiscogaster eniwetokensis from chaetodontid fishes of five localities in the
Indo Pacific, and, on the basis of morphological and molecular evidence, this study found that
the complex comprises three species: Paradiscogaster eniwetokensis sensu-stricto (s.s.) and
two new species described here, P. adrianae n. sp. and P. armandoi n. sp.
4.3. Methodology
4.3.1. Collection of specimens
Chaetodontid specimens were collected via spearfishing and hand nets from off Lizard Island
(14°40′S, 145°27′E), Swain Reefs (21°14′S, 151°50′E) and off Heron Island (23°26′S,
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151°54′E) on the Great Barrier Reef; Mizugama (26°21'N, 127°44'E) and Oura (26°32'N,
128°4'E), Okinawa Japan; and Rurutu (22°29′S, 151°20′W), Tupuai (23°23′S, 149°27′) French
Polynesia. Fishes were euthanized and dissected immediately, the digestive tract was removed and
examined using the gut wash approach following Cribb and Bray (2010). Trematodes collected were
fixed by pipetting them into near boiling saline followed by immediate preservation in 80% ethanol
for morphological and molecular characterization.
4.3.2. Morphological analysis
Specimens for morphological examination were prepared and mounted according to Diaz et
al. (2016). Measurements were made with an Olympus BX53 microscope fitted with an Olympus
SC50 digital camera (Diagnostic Instruments, Inc.) using Olympus cellSens StandardTM1.13 imaging
software. Worms were drawn using an Olympus U-DA drawing tube and Adobe Illustrator CS6
software. All measurements are in micrometres (µm) and are given as the range followed by the mean
in parentheses. Where length is followed by breadth, the two measurements are separated by ‘’.
When limited material was available for measurements of specific features, the number of specimens
is given (n). When this chapter is submitted to a journal for publishing, the type-specimens will be
lodged in the Queensland Museum (QM), Brisbane, Queensland.
4.3.3. Molecular analysis
Total genomic DNA from Paradiscogaster specimens was extracted using standard phenol-
chloroform extraction procedures modified from Sambrook and Russell (2001) and also shown in
Chapter 2 of this thesis.
Amplification and sequencing of the ITS2 nuclear ribosomal DNA region was performed with
the forward primer 3S (5′-GGTACC GGT GGATCA CGTGGC TAG TG-3′) (Morgan & Blair 1995)
and the reverse primer ITS2.2 (5′-CCT GGT TAGTTT CTT TTC CTC CGC-3′) (Cribb et al. 1998),
following the procedures detailed in Chapter 2 of this thesis. Sequencing was carried out at the
Australian Genome Research Facility using an AB3730xl capillary sequencer. SequencherTM version
4.5 (GeneCodes Corp.) was used to assemble and edit contiguous sequences. The start and end of the
ITS2 rDNA region for most of the sequences was determined by reference to the ITS2 database
(Ankenbrand et al. 2015; Keller et al. 2009).
The Pairwise distances were computed with the total number of mutations, and the divergences
were calculated among individuals by applying the Number of Differences model on MEGA V7.
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A Neighbour-joining analysis was generated to visualize the differences between the present
samples and relative to species of Paradiscogaster for which sequences are published and available
on GenBank.
4.4. Results
In total, 1523 individuals of 34 species of chaetodontids were examined for faustulids
at the three GBR localities, 809 individuals of 26 species from French Polynesia (FP), and 33
individuals of 13 species from Japan (Table 1). Specimens resembling Paradiscogaster
eniwetokensis were found in 12 chaetodontid species from three GBR localities, from two
chaetodontid species from the Australs Archipelago in French Polynesia, and from two
chaetodontids from off Okinawa in southern Japan. On the basis of combined morphological
and molecular analysis, it is concluded that three species are present.
Table 1. Chaetodontid fishes examined and number of infections of three species of the
Paradiscogaster eniwetokensis complex from the GBR (Heron Island, Lizard Island and Swain
Reefs), Japan and French Polynesia, including specimens reported by Bray et al. 1994. HI: Heron
Island, LI: Lizard Island, SW: Swain Reefs. Infected fish species are shown in bold. Numbers in
parentheses represent the number of infected fish. Clades of species of Chaetodon are as recognised
by Bellwood et al. (2010).
Host Genus Clade Species Paradiscogaster spp HI LI SW J FP
Chaetodon 2 citrinellus 34 56 2 8 98
kleinii 21 23 1
pelewensis 8 2 51
mertensii 1 7
2 declivis 2
unimaculatus P. eniwetokensis 9 (1) 15 33
3 aureofasciatus P. eniwetokensis 34 (10) 33 (2) 1 (1)
2 argentatus 1
4 auripes P. armandoi n. sp. 4 (3)
baronessa P. eniwetokensis 32 (1) 55
bennetti P. eniwetokensis 10 (2) 2 7
lunulatus 54 65 4 2 52
ocellatus 2
ornatissimus P. eniwetokensis 15 (4) 51
plebeius P. eniwetokensis 33 (10) 33 (2) 2 1
quadrimaculatus 55
rainfordi P. eniwetokensis 50 (15) 34 (1) 3
reticulatus 53
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speculum P. eniwetokensis 26 (10) 12 (1) 4 (3)
trichrous 13
trifascialis P. eniwetokensis 32 (9) 12 (2) 2 1 17
4 auriga P. armandoi n. sp. 51 49 2 2 (1) 52
ephippium 21 32 1 30
flavirostris P. armandoi n. sp. 89 (19) 5 16 (1)
lineolatus 29 13 3 1
lunula 10 4 1 2 40 (1)
melannotus 36 46 1
oxycephalus 1
rafflesi P. eniwetokensis 18 (1)
rafflesi P. armandoi n. sp. 1 (1)
ulietensis P. eniwetokensis 29 (2) 19 2 26
vagabundus 28 54 1 39
Chelmon rostratus P. adrianae n. sp. 60 (17) 22 5
Coradion altivelis 29
chrysozonus 2
Forcipiger flavissimus 23 3 3 75
longirostris 8
Hemitaurichthys polylepis 14
thompsoni 3
Heniochus acuminatus 1 1
chrysostomus 23 19 1 52
monoceros 20 5 1 1 13
singularius 6 1
varius 20 16 1
4.4.1 Morphological results
Faustulidae Poche, 1926
Paradiscogaster eniwetokensis Martin & Hammerich (1970)
Type-host: Chaetodon trifascialis Quoy and Gaimard (Chaetodontidae).
Type-locality: Eniwetok Atoll, Marshall Islands.
Other-host: Chaetodon aureofasciatus Macleay; Chaetodon baronessa Cuvier; Chaetodon bennetti
Cuvier; Chaetodon ornatissimus Cuvier; Chaetodon plebeius Cuvier; Chaetodon rainfordi
McCulloch; Chaetodon speculum Cuvier and Chaetodon ulietensis Cuvier; Chaetodon unimaculatus
Bloch
Other localities: Lizard Island (14°40′S, 145°27′E), Swain Reefs (21°14′S, 151°50′E) and
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Heron Island (23°26′S, 151°54′E).
Site in host: intestine
New material examined: 56
Vouchers: QM G xxxxx-xxxxx.
Representative ITS2 rDNA sequences: there will be one sequence submitted for P. eniwetokensis
from C. aureofasciatus, C. plebeius, C. rainfordi, C. speculum and C. trifascialis from Lizard Island;
one sequence from C. rainfordi, C. trifascialis and C. aureofasciatus from Heron Island; one
sequence from C. aureofasciatus and C. speculum from Swain Reefs.
Description (Fig. 1C-I)
[Based on Martin and Hammerich (1970) and Bray et al. (1994)] (Measurements in Table 3).
Body fusiform, slightly pointed posteriorly. Tegument spinose; spines reaching close to
posterior extremity. Oral sucker subglobular, opening subterminally. Ventral sucker large,
shaped as flattened muscular pad, without anterior and posterior muscular appendages, with
ridge on equator. Prepharynx short. Pharynx small, oval, wider than long. Oesophagus short
to median. Intestinal bifurcation in mid-forebody. Caeca short, saccular, terminate at anterior
margin of ventral sucker.
Testes oval to subglobular, symmetrical, close to or overlap posterior margin of ventral
sucker. Cirrus-sac oval, overlaps anterior margin of ventral sucker. Genital atrium distinct.
Genital pore median, posterior to intestinal bifurcation.
Ovary subglobular, pre-testicular, slightly sinistral, always dorsal to ventral sucker. Seminal
receptacle canalicular, rounded, postero-dorsal to ovary. Laurer’s canal opens dorsally at
about testicular level. Uterus large, fills much of hindbody, overlapping testicular field. Eggs
tanned, operculate. Vitellarium generally organised in two, distinct, symmetrical lateral fields,
overlapping anterior margin of ventral sucker, in some specimens fields appear essentially
confluent, as seen in Fig. 1G-H. Excretory pore terminal. Excretory vesicle short, sacular.
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Figure 1. Paradiscogaster eniwetokensis species complex from the Indo Pacific. A: P. armandoi n.
sp. from Chaetodon flavirostris; B: Paradiscogaster adrianae n. sp. from Chelmon rostratus, Heron
Island; C-I: Paradiscogaster eniwetokensis from Chaetodon trifascialis, Lizard Island, D: from
Chaetodon aureofasciatus, Heron Island, E: from C. plebeius, Heron Island; F: from C. rainfordi,
Heron Island; G-H: from C. speculum from Heron Island and Swain Reefs, respectively and I: from
C. trifascialis from Heron Island. Scale-bar: 200µm.
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Paradiscogaster armandoi n. sp.
Syn. P. eniwetokensis in part of Bray et al. (1994).
Type-host: Chaetodon flavirostris Günther (Chaetodontidae).
Other hosts: Chaetodon lunula (Lacepède, 1802), Chaetodon auripes Jordan & Snyder, Chaetodon
rafflesii Bennett (Chaetodontidae).
Type-locality: Heron Island (23°26′S, 151°54′E), Great Barrier Reef.
Other locality: French Polynesia; Japan.
Site in host: intestine
Material examined: 25 specimens on slides
Type material: Holotype, QM G xxxxx; Paratypes, QM G xxxxx.
Representative sequences: one sequence for Paradiscogaster armandoi n. sp. from C. flavirostris
from Heron Island, one from C. flavirostris and C. lunula from French Polynesia and one sequence
from C. auripes and C. rafflesi from Japan.
Etymology: This species is named for the first author’s father, Armando Diaz.
Description (Fig. 1A)
(Measurements in Table 3). Body elongated, slightly pointed posteriorly; tegument spinose;
spines reaching close to posterior extremity. Oral sucker subglobular, opening subterminally.
Ventral sucker distinct, generally oval and sometimes partially square, without equatorial
ridge. Prepharynx short. Pharynx small, oval, wider than long. Oesophagus long. Intestinal
bifurcation in posterior half of forebody. Caeca short; saccular, terminated in posterior half of
forebody. Testes symmetrical, positioned in the mid-hindbody. Cirrus-sac oval; overlaps
anterior margin of ventral sucker. Genital atrium distinct. Genital pore median, posterior to
intestinal bifurcation. Ovary subglobular, pre-testicular, smaller than testes. Seminal
receptacle canalicular, rounded postero-dorsal to ovary. Laurer’s canal opens dorsally at about
testicular level. Uterus large, distinct, post-testicular. Eggs tanned, operculate. Vitellarium
organised symmetrically in lateral fields, located on anterior margin of ventral sucker.
Excretory pore terminal. Excretory vesicle short, sacular.
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Paradiscogaster adrianae n. sp.
Syn. P. eniwetokensis in Bray et al. (1994).
Type-host: Chelmon rostratus (Linnaeus, 1758) (Chaetodontidae).
Type-locality: Heron Island (23°26′S, 151°54′E), Great Barrier Reef.
Site in host: intestine
Material examined: 19 specimens on slides
Type material: Holotype, QM G xxxxx; Paratypes, QM G xxxxx.
Representative sequences: one sequence for Paradiscogaster adrianae n. sp. from Chelmon rostratus
from Heron Island.
Etymology: This species is named for the first author’s mother, Adriana Morales.
Description (Fig. 1B)
(Measurements in Table 3). Body elongated, narrowed laterally, slightly pointed posteriorly;
tegument spinose; spines reaching close to posterior extremity. Oral sucker subglobular,
opening subterminally. Ventral sucker oval, without equatorial ridge. Prepharynx short.
Pharynx small, oval, wider than long. Oesophagus median. Intestinal bifurcation in posterior
half of forebody. Caeca short; saccular, terminated in posterior half of forebody.
Testes opposite, positioned in mid-hindbody. Cirrus-sac oval; overlaps anterior margin of
ventral sucker. Genital atrium distinct. Genital pore median, posterior to intestinal bifurcation.
Ovary subglobular, pre-testicular, posterior to ventral sucker. Seminal receptacle canalicular,
rounded postero-dorsal to ovary. Laurer’s canal opens dorsally at about testicular level. Uterus
large, post-testicular. Eggs tanned, operculate. Vitellarium organised symmetrically in lateral
fields, located on anterior margin of ventral sucker. Excretory pore terminal. Excretory vesicle
short, sacular.
4.4.2. Molecular results
ITS2 rDNA sequence data were obtained for 40 individual specimens plus eight
published sequences from GenBank. The length of the ITS2 region for P. eniwetokensis was
248 bp, for P. adrianae n. sp. 252 bp and for P. armandoi n. sp. 254 bp. The Pairwise Analysis
showed that the P. eniwetokensis sequences vary by only one base pair for samples from the
GBR (Table 2). The range of variation between this species and the other Paradiscogaster
species included in this analysis was 6–32 bp, relative to P. adrianae n. sp. it was 7–36 bp and
relative to P. armandoi n. sp. it was 7–35 bp (Table 2).
The phylogram from the Neighbour-joining analysis (Fig. 2) shows the minimal
intraspecific variation of P. eniwetokensis s.s. to be unrelated to distribution, but that the greater
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ariation for P. armandoi n. sp. is associated with distribution. Moreover, the analysis also suggests
that P. eniwetokensis is more closely related to the P. glebulae complex of species and P.
oxleyi than to the two new species described in this chapter that were originally identified as
P. eniwetokensis by Bray et al. (1994).
Table 2. Pairwise analysis of the ITS2 rDNA region showing the number of different base pairs
between species. From 16-24, numbers in front of the species name represent the GenBank number
for each published sequence.
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Table 3. Measurements from specimens of the P. eniwetokensis complex. n: number of
specimens analised; FB: forebody; BL: body length.
Species:
Paradiscogaster
eniwetokensis
Paradiscogaster
armandoi n. sp.
Paradiscogaster
adrianane n. sp.
n 56 16 22
Body length 460–833 (634) 670–1100 (790) 528–958 (728)
Body width 124–300 (204) 164–301 (238) 140–255 (188)
FB % BL 33–57 (47) 44–67 (54) 45–56 (49)
Oral sucker
53–108 x 64–
120 (7290)
70–117 x 70–120
(7699)
70–106 x 71–107
(8890)
Pharynx
22–44 x 35–64
(3249)
27–44 x 30–47
(3239) 25-38 x 24-42 (3035)
Oesophagus 51–105 (78) 89–220 (150) 102–181 (138)
Ventral sucker
111–269 x 114–
251 (178188)
120–216 x 133–249
(170190)
108–160 x 118–202
(134160)
Cirrus-sac
125–178 x 35–
77 (14660)
122–201 x 52–90
(17269)
107–160 x 30–69
(13555)
Vitellarium 22–29 (25) 33–40 (36) 27–29 (28)
Ovary
46–70 x 41–50
(5549)
50–68 x 51–69
(5960) 45–77 x 39–74 (5558)
Testes
55–79 x 47–70
(6461)
60–98 x 50–79
(8165) 60–78 x 45–70 (6860)
Eggs
21–28 x 12–16
(2513)
25–30 x 13–16
(2614) 23–25 x 11–15 (2413)
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Figure 2. Neighbour-joining tree of the ITS2 rDNA region of Faustulidae. Sequences
highlighted in bold represent the species from the P. eniwetokensis complex from this study.
GBR: Great Barrier Reef, TIWP: Tropical Indo-west Pacific. The number in front of the
sequences represents the accession number from GenBank.
4.5. Discussion
The results obtained in this study resolve the species complex postulated by Bray et al.
(1994). Morphological and molecular results allow us to refine the concept of P. eniwetokensis
and propose two new species for the Indo Pacific region: Paradiscogaster armandoi n. sp.
and P. adrianae n. sp.
Paradiscogaster eniwetokensis is distinguishable from other species in the P.
eniwetokensis complex in the aspects highlighted by Bray et al. (1994), which are the presence
of an equatorial ridge on the ventral sucker and the configuration of the testes which are
mainly symmetrical. The body shape of P. eniwetokensis is remarkably fusiform and the other
species of the complex are less wide posteriorly with a more elongated than fusiform body
(Fig. 1).
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4.5.1. Molecular data
The combination of molecular and morphological techniques has become common as
a determinant for the delineation of trematode species (Cribb et al. 2016; Blasco-Costa et al.
2016). It is now common practice to combine morphological and molecular studies for
taxonomic delineation of trematodes and a strong basis to elucidate the status of complexes
of species and for subsequent exploration of morphological differences. In the last decade, the
study of species complex in trematodes has increased considerably, involving multiple
families. Razo-Mendivil et al. (2010) studied cryptic species in Apocreadiidae from Middle-
American cichlids; Hunter and Cribb (2012) reviewed a cryptic complex of species from
Transversotrematidae from fishes of the Indo-West Pacific; Curran et al. (2013) discovered
two cryptic species of apocreadiids in freshwater fishes in United States; Diaz et al. (2015)
described the first complex of species in Faustulidae from butterflyfishes on the GBR and
Martin et al. (2018) reviewed cryptic species from Opecoelidae. In most of these studies, the
original species were described on the basis of morphology and the incorporation of molecular
studies facilitated the recognition of complexes of cryptic species, resulting in the description
of new species and the delineation of the original sensu-stricto species.
This is the second complex of species described from Faustulidae from the GBR and the
third report of the use of sequences for the purposes of taxonomy in the Faustulidae (Diaz et
al. 2013; Diaz et al. 2015 and Diaz et al. 2017).
The results from the pairwise analysis show a much higher level of variation between
the species from this complex than found by Diaz et al. (2015) for the P. glebulae complex of
species. The number of base pair different within the P. eniwetokensis complex was between
7–15 whereas in the P. glebulae complex it was between four and six bp. When species share
the same host and locality, small variations in the genotypes can be present and no
morphological differences support the description of new species. In this study we found only
single base differences between P. eniwetokensis sequences and the difference was not
correlated with hosts or locality.For P. armandoi n. sp. srquence variation was associated with
collection locality. However, given the low level of variation and the lack of associated
morphological differences that support an inter-specific variation, we conclude that the
difference in sequences are best interpreted as intra-specific geographical variation.
4.5.2. Morphological taxonomy
The morphological differences found in this study are consistent with those suggested
by Bray et al. (1994). The new species found in each of these hosts differs morphologically
from P. eniwetokensis s.s. in the body shape, in that the new forms are not fusiform, they do
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not have an equatorial ridge on the ventral sucker, and the configuration of the testis and
uterus differs from that of P. eniwetokensis.
4.5.3. Host-specificity
Paradiscogaster eniwetokensis s.s has now been reported from the type-host C.
trifascialis at three localities: in the original description from the Eniwetok Atoll, Marshall
Islands and at Lizard and Heron Islands on the GBR. The records added by Bray et al. (1994)
and by us in Table 1, demonstrate a distinctive host-specificity for this species. Most
infections occurred in fishes from Chaetodontidae clade 3 as described by Bellwood et al.
(2010). Clade 3 represent species of Chaetodon that mainly consume hard corals. It should thus be
expected that the metacercariae of these parasites will be found in coral.
Paradiscogaster armandoi n. sp. was reported from widespread localities along the Indo
Pacific region, infecting five species of Chaetodontidae. It is hard to explain how this species was
not reported from other close localities as Lizard Island, Swain reefs or Palau, however, this pattern
of distribution is similar to the one reported in congeneric species by Diaz et al. (2013) and could be
attributed to one of the intermediate hosts that can be missing in one of these localities.
Paradiscogaster adrianae n. sp. appears to be strictly host specific of Chelmon rostratus
at Heron Island. The depth of sampling reported here makes it unlikely that further sampling
will alter our understanding of the host-specificity of these species significantly, however, we
have new material from Palau that will be added in the next chapter but it only increase the
range of distribution of P. eniwetokensis s.s and the other species of the complex remain as in
this present chapter.
4.5.4. Biogeography
The distance between the sampling localities in the Indo Pacific region studied here is
substantial. Over this range it is possible to find the same fish species, in similar reef
structures, with the same corals and the same dietary items available. In this regard, it might
be expected that the distribution of parasites would be the same as that of their hosts , however,
this is not entirely the case. Paradiscogaster eniwetokensis s.s. was not found in Japan or
French Polynesia; P. adrianae n. sp. was found only at Heron Island on Chelmon rostratus,
although this host is distributed in all the locaities sampled on the GBR, which are relatively
close to each other. Paradiscogaster adrianae n. sp. was not found on Lizard Island or the
Swain Reefs. Paradiscogaster species on the GBR have previosuly been shown to exhibit
variable distributions, where some species are present in one locality and not in nearby
localities. Diaz et al. (2013) showed that P. flindersi was present at Heron Island and Swain
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Reefs, but was absent from Lizard Island, even if the host and its main dietary items were
present at that locality. In the same study, P. oxleyi was present in Lizard Island and Swain
Reef but absent from Heron Island.
A similar result was obtained by Diaz et al. (2015) with the P. glebulae complex of
species, where two species of the complex were found in only one place, even though in each
case the host is distributed along the GBR; P. munozae was found only at Lizard Island and
P. melendezi only at Heron Island. The explanation may relate to the life-cycles of the
parasites, which are currently unknown. We assume that the metacercariae will be potentially
in the coral, but it seems possible that some of the intermediate hosts can be missing at one
of the sampling sites. In contrast, P. armandoi n. sp. has been found in a single area on the
GBR but it also in the Australs Archipelago, French Polynesia and Japan. Possibly one of the
intermediate hosts of this species is absent on the other nearby localities.
If the final host and the potential second intermediate host are present in all localities,
the incidence of a parasite species will also depend on local conditions for transmission, and
the capacity of the parasites to colonise these places. According to our findings and
considering the dietary behaviour of these fishes from the literature, we predict that the
metacercariae will be in the coral and potentially the coral will be the second intermediate
host, but the first intermediate host of the faustulids of chaetodontids remain entirely
unknown.
4.5.5. Further studies
In the following chapters, I expand the study of Paradiscogaster species from different
localities of the Tropical Indo-west Pacific, including the molecular results found in this
study.
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Chapter 5
Three new species of Paradiscogaster (Digenea: Faustulidae) from butterflyfishes (Pisces:
Chaetodontidae) of the Tropical Indo-west Pacific.
5.1. Abstract
A total of 1295 specimens of chaetodontid fishes were examined from three localities in the Tropical
Indo-west Pacific, Ningaloo Reef, Palau and French Polynesia, seeking species of Faustulidae. Two
new species are described from Ningaloo Reef and one is described from French Polynesia, the Great
Barrier Reef (GBR) and Palau. Paradiscogaster eniwetokensis is also reported from Palau, presenting
a genetic variation of 2 base pair of ITS2 rDNA relative to specimens from the GBR but without
morphological differences. The new species described from French Polynesia, Palau and the GBR
incorporates specimens reported previously as “Type 1, 2 and 3” from Chaetodontidae from the GBR.
Small differences in ITS2 sequences at and between localities are interpreted as intraspecific variation
for this species. The differences in morphological and molecular taxonomy are discussed in this
chapter, together with the biogeographical patterns of the distribution of these species.
5.2. Introduction
Paradiscogaster Yamaguti, 1934 was proposed by Yamaguti (1934) with P. pyriformis
Yamaguti, 1934 as type-species. It belongs to the Faustulidae which currently comprises 32 species
mainly distributed in the Tropical Indo-west Pacific (TIWP). This biogeographical region extends
from the east coast of Africa to Hawaii and French Polynesia, presenting, in the centre, the highest
richness of marine species in the world (Allen et al. 1998). Paradiscogaster is highly represented by
species infecting chaetodontid fishes, commonly called butterflyfishes, which are the hosts
considered in this study.
Paradiscogaster has been extensively studied in the last three decades (Bray et al. 1994; Cribb
et al. 1999; Diaz et al. 2013; Diaz and Cribb 2013; Diaz et al. 2015 and Diaz et al. 2017). These
studies have been focused on the Great Barrier Reef (GBR) with the exception of Diaz et al. (2013)
who sampled seven localities of the TIWP for P. flindersi Bray, Cribb & Barker, 1994 and P. oxleyi
Diaz, Bray & Cribb, 2013, including the three localities sampled here.
It is well known that marine biological richness in the TIWP is at its greatest in the Coral
Triangle, the archipelagos of Indonesia, the Philippines and Papua New Guinea and that it declines
in every direction from the Coral Triangle. Consistent with this, chaetodontid richness varies
considerably between the GBR, Ningaloo Reef, Palau and French Polynesia (Carpenter and Springer
2005).
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Ningaloo Reef is located on the Northwest Australian shelf and extends for over 300 km along
the coast; it is the largest fringing coral reef in Australia. It was declared as Ningaloo Coast World
Heritage Area by the UNESCO due to it being one of the most biologically diverse marine
environments on the planet, including more than 250 species of coral and over 500 species of fish.
However, the fish parasite fauna of Ningaloo Reef is poorly explored; just 45 trematode species are
recorded from the Northwest Australian shelf province (Bray and Cribb 2004; Bray and Cribb 2006;
Diaz et al. 2013; Cribb et al. 2016) compared with the Northeast Australian Shelf province
(incorporating the Torres Strait, Northern GBR and Central and Southern GBR) (Spalding et al. 2007)
which has 340 species (Cribb et al. 2016). Only one species of Paradiscogaster, P. flindersi, has been
reported previously from Ningaloo Reef (Diaz et al. 2013).
The Palau islands are located in the western Pacific Ocean and are considered part of
Micronesia. This region has a high richness of marine organisms which is associated with the
diversity of marine habitats, including tropical high islands, shallow coral islands, atolls, and shallow
offshore reefs (Donaldson 2002). It is considered part of the Tropical Northwest Pacific province in
the biogeographic classification of Spalding et al. (2007). The fish diversity off Palau is one of the
highest in Micronesia (Myers 1989; Donaldson 1996). However, the fish trematode diversity of the
Tropical Northwestern Pacific province, of which Palau forms a part, is poorly known, represented
by records of only 43 trematode species in the entire province (Cribb et al. 2016). Specifically for our
group of interest, the chaetodontids, fishes from this family are represented by 23 species off the
Palau islands, which is comparable to the 30 species recorded from the GBR by Allen et al. (1998).
However, only one Paradiscogaster species, P. oxleyi Diaz, Bray and Cribb, 2013, has been reported
from chaetodontid fishes from off Palau. In comparison, eight species have been reported from
chaetodontid fishes from Australian waters (Bray et al. 1994; Cribb et al. 1999; Diaz et al. 2013 and
Diaz et al. 2015), including the two new species described from the GBR in the previous Chapter.
French Polynesia is one of the most remote areas of the TIWP, located in the South Pacific
Ocean, between California and Australia. Its reduced marine biological richness in comparison with
other areas of the TIWP makes it a good example of the “Theory of Island Biogeography” of
MacArthur and Wilson (1967) whereby the isolation of these archipelagos has limited the dispersion
of species to colonize them, increasing speciation and endemism. For example, Hawaiian fishes have
an endemicity of 23% (Randall 1998), and those of the Marquesas (French Polynesia, still being
explored) have an endemicity of 11.6% (Randall and Earle 2000). Parasite richness in French
Polynesia is poorly studied. Cribb et al. (2016) summarised just 34 species of trematodes reported for
this huge area. French Polynesia can be expected to have lower richness of parasites than generally
richer sites further west. Indeed, a a few studies already show a dramatic reduction of parasitological
richness from French Polynesia to the west (Rigby et al. 1997; Rigby et al. 1999; Downie et al. 2011;
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Diaz et al. 2013 and McNamara et al. 2012). No species of Paradiscogaster have been reported from
French Polynesia except for P. armadoi in the previous chapter of this thesis.
This chapter concludes analysis of samples of Faustulidae collected from localities of the
TIWP. Three new species of Paradiscogaster are described from large collections of chaetodontid
fishes from off Ningaloo Reef, Palau, and French Polynesia on the basis of combined morphological
and molecular analysis. Two of these species belog to the problematic Paradiscogaster glebulae
complex recognised by Diaz et al. (2015); one of these is a perfect match for the previously un-named
“Types 1, 2 and 3” reported in that study. Moreover, Paradiscogaster eniwetokensis is reported from
Palau in this chapter.
5.3. Methodology
5.3.1. Collection of fishes and trematode specimens
Chaetodontid fishes were collected via spearfishing from Ningaloo Reef, Northwest
Australian shelf (22°33′S, 113°48′37″E), off Palau (7°21′N, 134°28′E) and from five localities off
French Polynesia: Austral Islands (22°S, 150°W), Gambiers shelf (23°6′34.7′′S, 134°58′27.6″W),
Marquesas (9°46′52.3′′S, 139°4′54″W), Moorea (17°32′20′′S, 149°49′46″W) and Tuamotus
(18°36′57′′S, 138°43′9″W). Taxonomy of the fish follows Fishbase (Froese and Pauly, 2018). We
also analysed specimens from Lizard Island, GBR characterised as Types 1-3 in Diaz et al. (2015),
which are a morphological and molecular match for specimens from French Polynesia. Fishes were
euthanized and dissected immediately, removing the digestive tract and proceeding with a gut wash,
following Cribb and Bray (2010). Trematodes were fixed by pipetting them into near boiling saline
followed by immediate preservation in 80% ethanol for parallel morphological and molecular
characterisation (Cribb and Bray 2010).
5.3.2. Morphological analysis
Specimens for morphological examination were processed following staining and destaining
methodology of Diaz et al. (2016), which is detailed in Chapter 2 of this thesis. Specimens were then
mounted on slides with Canada balsam. Measurements were made with an Olympus BX53
microscope and an Olympus SC50 digital camera (Diagnostic Instruments, Inc.) using Olympus
CellSens StandardTM 1.13 imaging software. Worms were drawn using an Olympus U-DA drawing
tube and Adobe Illustrator CS6 software. All measurements are in micrometres (µm) and are given
as the range followed by the mean in parentheses. Where length is followed by breadth, the two
measurements are separated by ‘×’. Type specimens will be lodged in the Queensland Museum (QM),
Brisbane, Queensland.
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5.3.3. Molecular analysis
Total genomic DNA from Paradiscogaster specimens was extracted using standard phenol-
chloroform extraction procedures modified from Sambrook and Russell (2001) and given in Chapter
2 of this thesis.
Amplification and sequencing of the ITS2 nuclear ribosomal DNA region was performed with
the forward primer 3S (5′-GGTACC GGT GGATCA CGTGGC TAG TG-3′) (Morgan & Blair 1995)
and the reverse primer ITS2.2 (5′-CCT GGT TAGTTT CTT TTC CTC CGC-3′) (Cribb et al. 1998),
following the procedures detailed in Chapter 2 of this thesis. Sequencing was carried out at the
Australian Genome Research Facility using an AB3730xl capillary sequencer. SequencherTM version
4.5 (GeneCodes Corp.) was used to assemble and edit contiguous sequences. The start and end of the
ITS2 rDNA region for most of the sequences was determined by reference to the ITS2 database
(Ankenbrand et al. 2015; Keller et al. 2009).
The Pairwise distances were computed with the total number of mutations, and the divergences
were calculated among individuals by applying the Number of Differences model on MEGA V7.
A Neighbour-joining analysis was generated to visualize the number of differences between the
new species and the species of Paradiscogaster for which sequences are published and available on
GenBank.
5.4. Results
5.4.1. Overview
A total of 1295 specimens from chaetodontid fishes were examined from the three localities
of the TIWP (Table 1). From Ningaloo Reef, 16 individuals of five species were infected with at least
one of the new species described for this locality. From off Palau, 19 individuals of nine species were
infected with the new Paradiscogaster species reported here. Finally, from off French Polynesia, 144
individuals from 18 chaetodontid species were infected with the new species described here,
including from all the localities with the exception of the Marquesas Archipelago (Table 2).
From these results, three new species are recognised and described on the basis of morphological and
molecular data; in addition, Paradiscogaster eniwetokensis is reported from seven chaetodontid
species from off Palau.
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Table 1. Records of Paradiscogaster species from the TIWP in chaetodontid fishes. Clades of species
of Chaetodontidae are as recognised by Bellwood et al. (2010). Abbreviations: Fish NR: Ningaloo
Reef; Fish P: Palau; Fish FP: French Polynesia; Fish GBR: Great Barrier Reef; P spp Paradiscogaster
species; A: P. ningalooensis; B: P. janszooni; C, D: P. sasali; E: P. eniwetokensis; F: P. armandoi;
G: P. adrianae; H: P. glebulae; I: P. melendezi; J: P. munozae; K: P. oxleyi; L: P. flindersi; M: P.
chaetodontis; N: P. quasimodo.
Host Species
clad
e
Fis
h
NR
P
spp
Fis
h P
P
spp
Fis
h
FP
P
sp
p
Fish
GB
R P spp
Chaetodon 2 citrinellus 17 A,B 16 C 99 D 120 E, J
kleinii − − 12 − − − 56 I
mertensii − − 1 − 7 D 3 −
pelewensis − − − − 51 D 11 −
punctatofasciat
us 9 − 8 − − − − −
unimaculatus 4 − 12 − 33 D 28 E
3 aureofasciatus 9
A,
L − − − − 85 E, H
baronessa − − 10 − − − 90 E, L
bennetti − − 5 E 7 − 16 E
lunulatus 18 − 14 − 51 D 138 L, K
meyeri − − 12 E, K − − − −
octofasciatus − − 12 E − − − −
ornatissimus 7 L 11
E, C,
K 51 D 32
E, L, H,
N
plebeius 26 A − − − − 78
E, L, H,
M
rainfordi − − − − − − 109 E, L, H
speculum 6
A,
L 8 E − − 57 E, L, H
reticulatus − − 12 E 54 D − −
trifascialis 15 L 11 − 17 D 54 E, L
4 auriga 22 − 15 − 52 D 132 M, N, F
ephippium 6 − 15 − 30 − 59 −
flavirostris − − − − 15 D, F 146 F
lineolatus 6 − 8 − 1 − 84 M, N
lunula 18 A 10 − 40 D, F 25 F
melannotus − − 12 − − − 95 M
oxycephalus − − − − − − 1 −
rafflesi − − 13 E − − 22 F
semeion − − 10 − − − − −
ulietensis − − 10 − 26 D 84
E, L, M,
N
vagabundus − − 14 − 39 − 115 −
quadrimaculat
us − − − − 55 D − −
declivis − − − − 2 − − −
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trichrous − − − − 13 − − −
trifasciatus − − − − 1 − − −
Chelmon rostratus − − − − − − 87 G
marginalis 9 − − − − − −
Coradion altivelis − − − − − − 29 −
chrysozonus − − − − − − 2 −
Forcipiger flavissimus 6 − 15 − 75 D 26 −
longirostris − − 2 − 8 D − −
Heniochus acuminatus − − − − 1 − 1 −
chrysostomus − − 10 − 52 D 43 J, M
monoceros − − 5 − 13 D 26 −
singularius − − 1 − − − 7 −
varius − − 8 − − − 37 L, J
Hemitaurichth
ys polylepis − − 15 − 14 D − −
thompsoni − − − − 3 − − −
Total 178
30
7
81
0
1898
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Table 2. Chaetodontid specimens collected from five localities in French Polynesia. Numbers in
parenthesis indicate the number infected with P. sasali n. sp.
Host Genus clade Host species Australs Gambiers Marquesas Moorea Tuamotus Total
Chaetodon 2 citrinellus 8 (5) 0 8 68 (35) 15 (12) 99
mertensii 3 (3) 3 (1) 1 0 0 7
pelewensis 10 (1) 6 5 19 11 (1) 51
quadrimaculatus 7 3 3 36 (8) 6 (1) 55
unimaculatus 7 4 1 20 (1) 1 33
3 bennetti 4 0 0 1 2 7
lunulatus 4 5 (1) 0 30 12 51
ornatissimus 8 (2) 1 2 34 6 51
reticulatus 9 (3) 3 (1) 2 25 (3) 15 54
trifascialis 4 (3) 4 0 3 (1) 6 (1) 17
trifasciatus 0 0 0 0 1 1
4 auriga 8 (2) 10 3 18 (1) 13 52
ephippium 3 1 1 15 10 30
flavirostris 10 (4) 4 0 1 0 15
lineolatus 0 0 0 0 1 1
lunula 3 (1) 2 (1) 6 17 (2) 12 (8) 40
ulietensis 2 2 0 11 11 (4) 26
vagabundus 3 0 0 36 0 39
? declivis 0 0 2 0 0 2
trichrous 0 0 10 3 0 13
Forcipiger flavissimus 16 (8) 5 (3) 10 36 (5) 8 (4) 75
longirostris 6 0 1 1 (1) 0 8
Hemitaurichthys polylepis 6 (1) 5 0 0 3 14
thompsoni 0 0 3 0 0 3
Heniochus acuminatus 0 0 0 0 1 1
chrysostomus 3 (2) 4 0 34 (7) 11 (4) 52
monoceros 5 (1) 1 0 1 (1) 6 (1) 13
Grand Total 129 (36) 63 (7) 58 (0) 409 (65) 151 (36)
810
(144)
5.4.2. Morphological taxonomy
Family Faustulidae Poche, 1926
Paradiscogaster Yamaguti, 1934
Paradiscogaster ningalooensis n. sp. (Fig. 1)
Type-host: Chaetodon plebeius Cuvier, 1831 (Chaetodontidae).
Other hosts: Chaetodon aureofasciatus Macleay, 1878; Chaetodon citrinellus Cuvier, 1831;
Chaetodon lunula (Lacepède, 1802); Chaetodon speculum Cuvier, 1831 (Chaetodontidae).
Type-locality: Ningaloo Reef, Western Australia (22°33′S, 113°48′37″E).
Site in host: intestine.
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Material examined: 32 slides plus 5 sequences.
Type material: Holotype, QM G xxxxx; Paratypes, QM G xxxxx.
Representative sequences: five sequences of the ITS2 rDNA region.
Etymology: The species is named for the locality in which it is distributed. This Paradiscogaster
species has not been found anywhere else in the Indo West pacific region.
Description
[Measurements are of 32 gravid specimens.] Body fusiform, distinctively elongated, pointed
posteriorly, 1208–1617  376–562 (1438  453). Forebody 511–683 (577) long, occupying 37–43
(39)% of body length. Tegument spinose. Oral sucker slightly wider than long, 134–178  150–196
(155  166). Prepharynx short. Pharynx small, 46–65 (55) long. Oesophagus short, reaches to mid-
forebody, 64–116 (95) long. Intestinal bifurcation mostly in anterior half of forebody. Caeca short,
extend to midbody, terminate mostly anterior to ventral sucker at level of anterior extent of vitelline
follicles. Ventral sucker oval, prominent, wider than long, 263–353  353–484 (306  410),
occupying 20–25 (22)% of body length; appendages absent from anterior and posterior margins.
Testes 2, entire, opposite, not contiguous, in mid-hindbody, 89–96  89–110 (92–101). Cirrus-sac
prominent, elongated, with bipartite seminal vesicle, 244–308  81–107 (276  94), extending from
mid-forebody to middle of ventral sucker. Pars prostatica long, prominent. Eversible ejaculatory duct
long. Genital pore in mid-forebody, posterior to intestinal bifurcation. Ovary median, entire, anterior
to testes, dorsal to ventral sucker, 66–71  68–74 (69–71). Seminal receptacle and Laurer’s canal
obscured by uterus. Vitelline follicles rounded, overlapping anterior margin of ventral sucker, usually
usually confluent medially, 48–57 (53) in diameter. Eggs tanned, operculate, distinctly smaller than
vitelline follicles, 21–23 × 12–14 (22 × 12). Excretory pore terminal. Excretory vesicle short,
saccular-shaped.
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Figure 1. Paradiscogaster ningalooensis n. sp. from Chaetodontidae off Ningaloo Reef. A, from
Chaetodon aureofasciatus; B, from C. lunula; C from C. plebeius and D, from C. citrinellus. Scale
Bar 200µm.
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Paradiscogaster janszooni n. sp. (Fig. 2A)
Type-host: Chaetodon citrinellus Cuvier, 1831 (Chaetodontidae).
Type-locality: Ningaloo Reef, Western Australia (22°33′ S, 113° 48′ 37″ E).
Site in host: intestine
Material examined: 4 slides, one suitable for measurement
Type material: Holotype, QM G xxxxx; Paratypes, QM G xxxxx.
Representative sequences: three sequences of the ITS2 rDNA region.
Etymology: The species is named for the Dutch Capitan Willem Janszoon who made the first
documented European landing on the Ningaloo coast in 1618, 150 years before Captain James Cook
and the HMS Endeavour arrived on the east coast at Botany Bay.
Description
[Measurements are of one gravid specimen.] Body elongated, pointed posteriorly, 760 × 225; body
width occupying 30% of body length. Tegument spinose. Oral sucker slightly wider than long, 107 ×
144. Prepharynx short. Pharynx small, 39. Oesophagus elongated, reaching to mid-forebody, 116.
Intestinal bifurcation in mid forebody. Caeca short, entirely anterior to anterior margin of ventral
sucker. Forebody 295, occupying 39% of body length. Ventral sucker oval with prominent rounded
appendages on anterior and posterior margins, 326 × 204. Hindbody short, 139, occupying 18% of
body length. Testes entire, opposite, almost contiguous, dorsal to ventral sucker, 70 × 49. Cirrus-sac
oval, positioned mostly dorsal to ventral sucker, with bipartite seminal vesicle. Par prostatica long,
straight, prominent. Eversible ejaculatory duct short. Genital pore median, posterior to intestinal
bifurcation and anterior to anterior margin of ventral sucker. Ovary entire, submedial, anterior to
testes, dorsal to ventral sucker, smaller than testes, 46 × 61. Vitelline follicles usually in separate
lateral groups, almost entirely anterior to ventral sucker, 34 diameter. Eggs tanned, operculate, 23 ×
13. Excretory pore terminal. Excretory vesicle short, sacular.
Paradiscogaster eniwetokensis Martin & Hammerich, 1970 (Fig. 3)
Hosts at Palau: Chaetodon ornatissimus Cuvier, 1831; Chaetodon bennetti Cuvier, 1831; Chaetodon
meyeri Bloch & Schneider, 1801; Chaetodon octofasciatus Bloch, 1787; Chaetodon rafflesii
Anonymous [Bennett], 1830; Chaetodon reticulatusCuvier, 1831;Chaetodon speculumCuvier, 1831
(Chaetodontidae).
Site in host: intestine.
Prevalence: C. bennetti 5/5; C. meyeri 1/12; C. octofasciatus 3/12; C. ornatissimus 4/11; C. rafflesii
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5/13; C. reticulatus 1/2; C. speculum 1/8.
Material: voucher specimens: QM G xxxxx
Representative sequences: Seven representative ITS2 rDNA sequences to be submitted (GenBank
number to be included).
Description
[Measurements based on 17 mature, unflattened worms]. Body elongated, slightly pointed
posteriorly, 528–844 (662) × 198–344 (274); body width occupying 36–46 (41)% of body length.
Tegument spinose. Oral sucker slightly wider than long, 69–107 (83) × 90–141 (107), representing
38–56 (45)% of ventral sucker width. Prepharynx short. Pharynx small, wider than long, 26–43 (32)
× 39–53 (46). Oesophagus elongate, reaching to mid-forebody, 50–112 (82) long. Intestinal
bifurcation in mid-forebody. Caeca short, divergent, usually entirely anterior to anterior margin of
ventral sucker. Forebody 203–387 (291), occupying 31–49 (44)% of body length. Ventral sucker
prominent, somewhat squared in outline with rounded corners, usually wider than long, 208–296
(237) × 183–307 (240); appendages absent from anterior and posterior margins. Testes entire,
opposite, almost contiguous, mostly dorsal to ventral sucker, 47–107 (70) × 47–101 (67). Cirrus-sac
elongated, dorsal to ventral sucker, with bipartite seminal vesicle, 97–191 (144) × 29–80 (52). Par
prostatica long, straight, prominent. Ejaculatory duct short. Genital pore median, posterior to
intestinal bifurcation. Ovary entire, submedial, anterior to testes, dorsal to ventral sucker, smaller than
testes, 43–59 (50) × 43–55 (49). Vitelline follicles in separate lateral groups, almost entirely anterior
to ventral sucker, 24–41 (31) in diameter. Eggs tanned, operculate, slightly smaller than vitelline
follicles, 22–28 (24) × 12–16 (14). Excretory pore terminal. Excretory vesicle short, sacular.
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Figure 2. New Paradiscogaster glebulae species complex from the TIWP. A: Paradiscogaster
janszooni n. sp. from C. citrinellus from Ningaloo Reef; B-I: Paradiscogaster sasali n. sp. from
chaetodontid fishes from Palau (B), Lizard Island (C) and French Polynesia (D-I). B: from Chaetodon
citrinellus from Palau; C: from Chaetodon citrinellus from Lizard Island and D: from Forcipiger
flavissimus; E: from C. citrinellus F: from Heniochus chrysostomus; G: Forcipiger longirostris; H:
C. lunula; and I: from C. quadrimaculatus. Scale bar 200µm.
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Figure 3. Paradiscogaster eniwetokensis from Chaetodontidae off Palau. A: from Chaetodon benetti;
B: from Chaetodon ornatissimus and C: from Chaetodon rafflessi. Scale bar 200µm.
Description
[Measurements based on three mature, unflattened worms]. Body elongated, slightly pointed
posteriorly, 665–838 (772) × 247–311 (288); body width occupying 37–38 (37)% of body length.
Tegument spinose. Oral sucker slightly wider than long, 83–97 (90) × 105–131 (121), representing
48–49 (48)% of ventral sucker width. Prepharynx short. Pharynx small, 29–40 (36) × 44–56 (50).
Oesophagus elongated, reaching to mid-forebody, 74–101 (89). Intestinal bifurcation in mid
forebody. Caeca short, entirely anterior to anterior margin of ventral sucker. Forebody 314–341 (291),
occupying 37–49 (43)% of body length. Ventral sucker oval, with prominent rounded appendages on
anterior and posterior margins, 285–392 (338) × 220–268 (251). Hindbody short, 60–218 (135),
occupying 11–33 (20)% of body length. Testes entire, opposite, almost contiguous, dorsal to ventral
sucker, 68–96 (86) × 62–92 (82). Cirrus-sac oval, positioned mostly dorsal to ventral sucker, with
bipartite seminal vesicle, 126–172 (143) × 55–85 (73). Par prostatica long, straight, prominent.
Eversible ejaculatory duct short. Genital pore median, posterior to intestinal bifurcation and anterior
to anterior margin of ventral sucker. Ovary entire, submedial, anterior to testes, dorsal to ventral
sucker, smaller than testes, 52–63 (58) × 49–74 (62). Vitelline follicles almost entirely anterior to
ventral sucker, 28–42 (34) diameter. Eggs tanned, operculate, 24–28 (26) × 12–14 (13). Excretory
pore terminal. Excretory vesicle short, sacular.
57
Paradiscogaster sasali n. sp. (Fig. 2C-I)
Type-host: Chaetodon citrinellus Cuvier, 1831 (Chaetodontidae).
Type-locality: Tuamotus (18°36′57′′S, 138°43′9″W), French Polynesia.
Other-host: Chaetodon auriga Forsskål, 1775; Chaetodon flavirostris Günther, 1874; Chaetodon
lunula (Lacepède, 1802); Chaetodon lunulatus Quoy & Gaimard, 1825; Chaetodon mertensii Cuvier,
1831; Chaetodon ornatissimus Cuvier, 1831; Chaetodon pelewensis Kner, 1868; Chaetodon
quadrimaculatus Gray, 1831; Chaetodon reticulatus Cuvier, 1831; Chaetodon trifascialis Quoy &
Gaimard, 1825; Chaetodon ulietensis Cuvier, 1831; Chaetodon unimaculatus Bloch, 1787;
Forcipiger flavissimus Jordan & McGregor, 1898; Forcipiger longirostris (Broussonet, 1782);
Hemitaurichthys polylepis (Bleeker, 1857); Heniochus chrysostomus Cuvier, 1831 and Heniochus
monoceros Cuvier, 1831 (Chaetodontidae).
Other locality: Lizard Island (14°40’S, 145° 26’E) and Heron Island (Heron Island (23°26′S,
151°54′E), Great Barrier Reef; and Palau (7°21′N, 134°28′E).
Site in host: intestine
Material examined: 35 slides
Type material: Holotype, QM G xxxxx; Paratypes, QM G xxxxx.
Representative sequences: 18 sequences of the ITS2 rDNA
Etymology: This species is named for Pierre Sasal from the Centre de Recherche Insulaire et
Observatoire de L’environnement, French Polynesia for his contribution to marine parasitology.
Description
[Measurements are of 35 gravid specimens.] Body elongated, pointed posteriorly, 733−1100 ×
282−480 (878−346); body width occupying 43−48 (45)% of body length. Tegument spinose. Oral
sucker slightly wider than long, 90−99 × 119−157 (95−138). Prepharynx short. Pharynx small, 39−42
(40) × 50−65 (67). Oesophagus elongated, reaching to mid-forebody, 91−112 (102). Intestinal
bifurcation in mid forebody. Caeca short, entirely anterior to anterior margin of ventral sucker.
Forebody 364−405 (385). Ventral sucker oval with prominent rounded appendages on anterior and
posterior margins, 307−398 × 257−347 (359−302). Hindbody short, 187−197 (192). Testes entire,
opposite, almost contiguous, dorsal to ventral sucker 110−104. Cirrus-sac oval, mostly dorsal to
ventral sucker, with bipartite seminal vesicle. Par prostatica long, straight, prominent. Eversible
ejaculatory duct short. Genital pore median, posterior to intestinal bifurcation and anterior to anterior
margin of ventral sucker. Ovary entire, submedial, anterior to testes, dorsal to ventral sucker, smaller
than testes, 92−103 × 87−95 (99−90). Vitelline follicles in separate lateral groups, almost entirely
anterior to ventral sucker, 34−40 (40) diameter. Eggs tanned, operculate, 23−29 × 12−14 (26−13).
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Excretory pore terminal. Excretory vesicle short, secular.
Figure 4. Representation of the Neighbour-joining analysis of ITS2 rDNA sequences of the new
species described in this Chapter resambling the Paradiscogaster glebulae species complex. The blue
box highlight the sequences related to this chapter. Numbers in front of the sequences represent the
GenBank number of the published sequences. Sequences with Type 1, 2 and 3 in parenthesis were
obtained from Diaz et al. 2015.
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Figure 5. Representation of the Neighbour-joining analysis of ITS2 rDNA sequences of the new
species described in this Chapter and other Paradiscogaster sequences available in the literature.
Numbers in front of the sequences represent the GenBank number of the published material.
Sequences with a * symbol were obtained from Diaz et al. (2015); sequences with a ** symbol were
generated by me and have not been included in any other chapter or paper; and sequences with a ***
symbol were facilitated by Dr Cutmore from the Marine Parasitology Lab of the University of
Queensland, Australia.
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Table 3. Pairwise analysis showing the estimates of evolutionary divergence between sequences,
based on ITS2 rDNA. Species highlighted in bold are the sequences from this Chapter. The other
sequences belong from previous chapters and from published studies.
5.4.3. Molecular data
A total of 33 sequences were generated for the ITS2 rDNA region for the species described
and reported in this Chapter. From Ningaloo Reef, Paradiscogaster ningalooensis n. sp. had an ITS2
rDNA region of 248 base pairs (bp) and P. janszooni n. sp. 246 bp. From Palau and French Polynesia,
P. eniwetokensis and Paradiscogaster sasali n. sp had an ITS2 rDNA region of 248 bp, as calculated
according to the ITS2 Database (Ankenbrand et al. 2015; Keller et al. 2009).
From the Neighbour-joining analysis of the Paradiscogaster glebulae complex (Fig. 4),
Paradiscogaster sasali n. sp. is represented by specimens from French Polynesia, Palau and the Types
1, 2 and 3 reported by Diaz et al. (2015) from the GBR. According to the Pairwise analysis from
Table 3, specimens from this species have an intraspecific variation of 1 to 2 bp.
From the Neighbour-joining analysis of all the Paradiscogaster species described previously
with molecular data, plus unpublished material and those reported in previous chapters (Fig. 5), there
are two main clades recognisable and highlighted with rectangles. The top clade is represented by
Paradiscogaster species only from Chaetodontidae, whereas the second clade includes species
infecting Chaetodontidae, Ephippidae and Pomacanthidae. In the first main clade, there is a strong
clade represented by species of the P. glebulae species complex only, followed by species resembling
the P. eniwetokensis species complex.
The pairwise analysis between the Paradiscogaster species for which ITS2 rDNA sequence
data are available show a wide range of levels of interspecific variation. Paradiscogaster chaetodontis
differs by a minimum of 34 bases from every other species. In contrast, differences between species
61
of the P. glebulae species complex never exceeded 4 bp and were as few as 1 bp between the
combinations of P. melendezi + P. sasali and P. janszooni + P. sasali. Despite this minimal level of
genetic variation, these combinations of species were unequivocally morphologically distinct.
One of the most important findings of this analysis was resolution of the problem identified by
Diaz et al. (2015) of “Types” 1, 2 and 3” of the P. glebulae species complex from Heron and Lizard
Islands.  These are here all identified as Paradiscogaster sasali n. sp. with minor intraspecific
variation (not visible in Fig. 4) which is interpreted as intraspecific variation. All three types were
found in an overlapping host range including in common at least C. citrinellus. In the light of this
interpretation there are no known outstanding issues of identification of the faustulid fauna of GBR
chaetodontids. The fauna appears to comprise ten species: P. armadoi, P. adrianae, P. chaetodontis,
P. eniwetokensis, P. flindersi, P. glebulae, P. melendezi, P. munozae, P. oxleyi and P. sasali n.sp.
Although we identified differences of 2 bp between Paradiscogaster eniwetokensis from the
GBR and the specimens collected from Palau, we found no reliable differences between the GBR and
Palau specimens and they infected comparable ranges of Chaetodon species. I therefore conclude that
they all represent P. eniwetokensis with a low level of intraspecific variation.
5.5. Discussion
5.5.1. Morphological recognition of species
The three new species described here are morphologically distinctive relative to all other
described Paradiscogaster species.
Paradiscogaster ningalooensis n. sp. is one of the most distinctive among the genus and it is
unique in its morphological structures in comparison with the 30 other described species. It is one of
the largest species, regularly reaching more than 1.5mm in length, and it has a strikingly prolonged
and pointed posterior extremity.  It has an elongated cirrus-sac (reaching almost the same length as
the ventral sucker length) and is presently known only at Ningaloo Reef.
Paradiscogaster janszooni n. sp. and P. sasali n. sp. belong to the P. glebulae species complex
which is characterised by the presence of appendages on the anterior and posterior extremities of the
ventral sucker. Paradiscogaster janszooni n. sp. from Ningaloo Reef differs from P. munozae Diaz,
Bray, Cutmore, Ward & Cribb, 2015, P. melendezi Diaz, Bray, Cutmore, Ward & Cribb, 2015 and P.
lobomyzon in body size, being the smallest of these species; body shape which is not fusiform as for
P. munozae and P. lobomyzon, it is pointed posteriorly, differing from P. melendezi and it differs in
the position of the testes. It is most similar to P. glebulae; the two species differ in the position of the
testes, which are diagonal in P. glebulae and always opposite in P. janszooni n. sp. The forebody is
more elongated in P. glebulae than in P. janszooni n. sp. It differs from the other species described
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here that also form part of the P. glebulae species complex in the morphology of the appendages of
the anterior and posterior extremities of the ventral sucker which are prominent and rounded in P.
janszooni n. sp. but not in P. sasali n. sp.
Paradiscogaster sasali n. sp. from French Polynesia, Palau and the GBR is larger than P.
glebulae in body size; it has the appendages of the ventral sucker less prominent and less rounded
than those of P. glebulae and P. janszooni n. sp. It differs from P. melendezi, which does not have a
pointed body and from P. sasali n. sp., which does not have an elongated ventral sucker. It differs
from P. lobomyzon in the shape of the ventral sucker, and also in the position of the vitelline follicles,
which are posterior to the anterior appendage of the ventral sucker in P. sasali n. sp. and anterior to
the ventral sucker in P. lobomyzon. Paradiscogaster munozae is more elongated than P. sasali n. sp.
and also less wide. All of these morphological differences are also supported molecularly as seen in
Figs. 4 and 5.
5.5.2. Molecular taxonomy
The results of the Neighbour-joining analysis indicated the presence of at least seven clades
associated with parasites infecting different host families, similar hosts with different diets, and/or
parasites infecting hosts with different distribution (Fig. 5). Of these, the most striking are the clades
characterized by species of the P. glebulae species complex, which is currently comprised of five
species. This is the only clade of species presently united by a clear morphological character, the
processes on the anterior and posterior margins of the ventral sucker. The only other clade with
comparably short internal branch lengths is that comprising P. ningalooensis and P. eniwetokensis,
but these two species are as morphologicall distinct as any combination in the data set. The clade
represented by P. brayi, P. leichhardti, P. martini, P. munozae and P. quasimodo and is also
heterogeneous in infecting fishes of three families.
Paradiscogaster glebulae species complex is characterised morphologically by having
appendages on the anterior and posterior margins of the ventral sucker. This clade is well-supported
in the ITS2 analysis. The Pairwise analysis shows low variation between species of the complex, an
extension of the pattern reported by Diaz et al. (2015) for the P. glebulae species complex of the
GBR. Within P. sasali n. sp., there is a small intraspecific variation, associated mainly with specimens
found in different hosts and localities across the TIWP. Comparable variation has also been reported
previously for the same genus by Diaz et al. (2013, 2015).
The presence of appendages on the anterior and posterior margins of the ventral sucker was
not reported by Yamaguti (1934) describing P. pyriformis. Given the strength of the P. glebulae clade,
species from the P. glebulae complex clade could form a new genus. However, at present such a
proposal would require the recognition of multiple genera from among the present constituents of
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Paradiscogaster. More sampling will be required to support such a proposal, especially sequences
from the type-species of Paradiscogaster.
A similar situation occurs with the clade represented by species infecting non-chaetodontid
fishes. Some of these species are morphologically similar to Paradiscogaster eniwetokensis, as for
example P. vichovae, however, the molecular differences between these two species is high (39-40
bp) and finding morphological characters that support this clade is not as clear as with the P. glebulae
species complex.
Chapter 6 discusses the phylogeny of this group and its Family on the basis of analysis of
ITS2 and 28S rDNA.
5.5.3. Biogeography
For biogeographical comparisons between localities, it is important that the sampling is even
to determine the true nature of the species present or absent. In this study, there are evident differences
in the sampling effort between localities as seen in Table 1 where, for example, samples from the
GBR were 1898 compared with 178 from Ningaloo Reef. These differences reflect accessibility to
research facilities in these localities and also research resources, leading sampling effort to be
concentrated in localities with easy access and facilities to process the samples. Notwithstanding these
considerations, several important contrasts emerge from the characterisation of faustulids of
chaetodontids done so far.
The results obtained here concluded the characterisation of samples obtained during several
years from localities of the TIWP (specifically the GBR, French Polynesia, Palau and Ningaloo Reef).
This work demonstrates that Paradiscogaster is a widely distributed genus in coral reef fishes in the
Indo-west Pacific. However, several species appear to have strong locality-specific distributions.
Paradiscogaster ningalooensis n. sp. and Paradiscogaster janszooni n. sp. were found only in
Ningaloo Reef, and our sampling across the TIWP region, including published and unpublished data
support the conclusion that there are not more morphotypes and genotypes to be described at the
present from this locality. McNamara el at. (2012) found comparably high endemism of monorchiid
species in butterflyfishes from Ningaloo Reef. Ningaloo Reef is important in terms of endemism of
marine taxa, being located within the second richest areas for marine diversity in the world (Roberts
et al. 2002), probably explained by its isolation during glacial periods, and also having intermittent
connectivity with the Indo-Philippine fauna, which has been periodically isolated (Wells and Wells
1995; Fleminger 1986).
In contrast to Ningaloo Reef, Palau has a higher richness of chaetodontid species, and the
effort spent in sampling in this locality has been higher. All three Paradiscogaster species found here
also occur in other localities of the TIWP. In this locality we found a new species of the P. glebulae
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species complex, P. sasali n. sp., which was also found in French Polynesia and the GBR. In addition,
Paradiscogaster eniwetokensis was also reported from Palau, confirming its wide distribution on the
Indo-west Pacific, extending from Eniwetok Atoll to the GBR and Palau (Martin and Hammerich
1970; Bray et al. 1994). Paradiscogaster oxleyi has also been described from this locality, and similar
to P. sasali n. sp. and P. eniwetokensis, it is not endemic from this locality and it is present in other
areas of the TIWP as reported by Diaz et al. (2013). Notably, all three species have different known
distributions.
Comparing the number of chaetodontids species examined from Palau with the GBR (307
fishes examined / 19 infected off Palau; 1898 fish examined / 39 infected off GBR, only with P.
glebulae complex, Table. 5.1) there is an evident lack of studies and effort of sampling in this locality
in comparison with the GBR, for similar reasons as for Ningaloo Reef, considering the difficult access
to facilities to collect and analyse the samples in situ as the main factor. Palau has a high richness of
marine fauna (Hooper et al. 2002) and particularly of fish (Myers, 1989; Donaldson, 1996), from
which, it should be expected a high parasite diversity in this locality, but the only 43 records of
trematodes in the literature could be just as a result of poor effort in studying this locality, or, the
presence of more complex limitations that restrict the infections of these parasites (e.g. the presence
of other hosts in the life-cycle). However, the understanding of these mechanisms are still limited by
uneven sampling between the localities. I information about life cycles of these parasites will also be
highly relevant to contribute to this understanding (Cribb et al. 2016).
French Polynesia is one of the most peripheral locations on the TIWP. Despite the sampling
effort invested in this locality (810 specimens against 1898 on the GBR), the previous chapter and
this one are the first to record Faustulidae for this region; we now know of just two species there – P.
armadoi and P. sasali. This depauperate fauna is certainly consistent with the principle of the
descrease in parasite richness from the central regions (ten species on the GBR) to the periphery (two
in FP) (Cribb et al. 2016). The French Polynesian fauna is not wihout interest, however. The results
show that P. sasali infects a wide range of species of multiple chaetodontid genera and species of
different clades of Chaetodont recognised by Bellwood et al. (2010), without evidence of
morphological or molecular differences between specimens from different hosts. This differential
host-specificity is unexplained. It may reflect evolution of a local pattern of low specificity that could
be interpreted as a strategy of the parasite that enables transmission where host density is low,
contrasting with places where density is greater (see Diaz & Cribb, 2013; Diaz et al., 2013; Diaz et
al., 2015; Diaz et al., 2017). Equally, it may reflect a greater dietary overlap between chaetodontids
in an area where the food choices are more limited than in richer habitats. Lower relative species
richness in French Polynesia has been reported in some other groups of parasites (McNamara et al.
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(2012), Rigby et al. (1999); Cribb et al. (2014) Diaz et al. (2013). However, the differentially low
host-specificity reported from this locality is a unique pattern not reported for any faustulid elsewhere.
Plaisance et al. (2005) examined six localities of the TIWP and reported the highest richness
of monogeneans from butterflyfishes as being from French Polynesia. However, information about
the sample size was not given. Recent studies on the same group of parasites by Reverter et al. (2017)
did not support the findings from Plaisance et al. (2005) and the authors found an equal richness and
diversity between French Polynesia and the GBR. However, even an equal richness of monogeneans
between the GBR and French Polynesia is a strikingly different pattern than that seen for the
faustulids.
It is here concluded that P. sasali n. sp. is widely distributed between the GBR, Palau and
French Polynesia. It is difficult to explain why some species of the genus, and even from among the
P. glebulae complex, have a distribution restricted to a single locality and host (for example
Paradiscogaster melendezi from Heron Island, GBR), but other species are in multiple localities and
hosts as are P. eniwetokensis and P. sasali n. sp. A similar pattern was found foer the monorchiid
genus Hurleytrematoides. Hurleytrematoides faliexae from Chaetodon ephippium, is distributed in
Moorea and GBR, and H. morandi is distributed in many localities of the TIWP in many hosts
(McNamara et al. 2012). Reverter et al. (2017) also reported monogenean types Haliotrema sp. A and
sp. B as both occuring at Lizard Island, GBR and in French Polynesia. However, the authors suggested
that these species may simply have been missed in other localities due to rarity.
Most of the chaetodontid species reported as hosts here are widely distributed in the TIWP. It
could be expected that their parasites will also be distributed in the same localities as their hosts. This
is clearly not the case. It is possible that local transmission conditions are limiting. However, there is
nothing known about the life cycle of species of Paradiscogaster. We know that most of the
chaetodontid hosts consume coral polyps as their main dietary items and, consequently, it can be
predicted that the metacercariae will be associated with the corals, as seen for opecoelid trematodes
infecting coral species (Porites) from Hawaii (Aeby 1991, 1998, 2002). However, the lack of
understanding of the life cycles of Paradiscogaster species is a formidable barrier to the
understanding of their biogeography.
This Chapter was the last incorporating description of new species from Paradiscogaster and
Faustulidae and the following chapters are phylogenetic studies of the family and the study of non-
chaetodontid corallivorous fishes.
5.6. Acknowledgements
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Chapter 6
Molecular phylogeny of the Faustulidae (Platyhelminthes, Digenea) from fishes of the
Tropical Indo-west Pacific based on phylogenetic analysis of the ITS2 and 28S rDNA.
6.1. Abstract
This chapter analyses the phylogenetic status of the Faustulidae on the basis of molecular analysis
of the 28S and ITS2 rDNA regions. Maximum Likelihood analysis for the 28S rDNA region
incorporated 32 sequences from Fellodistomidae (including a new sequence from this thesis),
Gymnophallidae, Bucephalidae, Zoogonidae and Faustulidae, plus one sequence as an outgroup. For
the ITS2 rDNA analysis, a total of 34 sequences were obtained from 8 families of parasites. Of these,
19 were from the Faustulidae (11 sequences from GenBank and 8 generated in this study), 6 from
the Zoogonidae, one from the Tandanicolidae, one from the Bucephalidae, five from the
Fellodistomidae (including a new sequence from this thesis), one from the Gymnophallidae, two
sequences that have not been assigned in a family level at present, and one as an outgroup. Analysis
of both data sets showed the formation of distinct clades of faustulids belonging to the
Microphalloidea and the Gymnophalloidea. It is clear that separate families are required for each.
The clade associated with zoogonids renders that family paraphyletic so that the simplest solution
would be to recognise a subfamily for it within the Zoogonidae. On the basis of the present
phylogenetic topology, the clade associated with gymnophalloids will require its own family. Final
determinations on these issues require further sequencing, especially of species of the type-genus of
the family, Faustula. Analysis of a reduced data-set of ITS2 sequences of microphalloid faustulids
was generally poorly resolved. One well-supported clade comprised species parasitic in obligate
corallivores only, suggesting a radiation among those fishes. Within that clade, the P. glebulae
complex, otherwise recognised for morphology, was also strongly supported. All other
microphalloid faustulids formed a second clade (but with poor support) infecting ephippids and
pomacanthids in addition to chaetodontids; the diet of fishes in this clade is more generally
omnivorous than that of hosts of the other clade, suggesting a biological basis in the life cycle for
the apparent dichotomy within this group.
6.2. Introduction
The Faustulidae Poche, 1926 is a family of trematode parasites from the intestines of marine
teleosts occurring mostly on the Indo-west Pacific. The family is characterised by the presence of a
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spiny tegument, a canalicular seminal receptacle which forms part of Laurer’s canal, and a
posteriorly opening Laurer’s canal (Cribb et al. 1999; Bray et al. 2008).
The Faustulidae presently has 13 genera recognized by Bray et al. (2008), including
Allofellodistomum Yamaguti, 1971, Antorchis Linton, 1911, Bacciger Nicoll, 1914, Baccigeroides
Dutta, 1995, Echinobreviceca Dronen, Blend & McEachran, 1994, Faustula Poche, 1926,
Paradiscogaster Yamaguti, 1934, Parayamagutia Machida, 1971, Pronoprymna Poche, 1926,
Pseudobacciger Nahhas & Cable, 1964, PseudofellodistomumWang, 1987, TrigonocryptusMartin,
1958 and Yamagutia Srivastava, 1939. Of these, the largest is Paradiscogaster, which had 24 species
described before this study, six species described and published during this thesis and eight new
species characterised here but yet to be formally described (WoRMS 2018).
Relatively recently, this family was considered part of the Fellodistomidae. However, Hall et
al. (1999), on the basis of molecular analysis, showed the Fellodistomidae to be polyphyletic. As a
result, the subfamily Baccigerinae was raised to family level and recognised under the name of its
senior synonym, Faustulidae, within the Superfamily Zoogonoidea Odhner, 1902. The
Fellodistomidae was thus divided into the Faustulidae, Fellodistomidae and Tandanicolidae
considering the molecular phylogeny, morphology and life cycle data (Bray et al. 2008; Hall et al.
1999). Hall et al. (1999) were the first to report the presence of a sister-group relationship between
Faustulidae and Zoogonidae on the basis of molecular analysis, showing evidence that the
Zoogonidae is a paraphyletic group. They suggested that further investigation of the morphology,
life cycles and molecular phylogeny, including better representation of these families, was necessary
for the resolution of this sister group relationship. Olson et al. (2003), in their study of the overall
phylogeny of Digenea, found that the Faustulidae and Zoogonidae fell together in the superfamily
Microphalloidea Ward, 1901, which was previously recognised as Zoogonoidea Odhner, 1902.
A recent study by Sun et al. (2014) described a new species of Pseudobacciger Nahhas &
Cable, 1964 (Faustulidae). Their molecular phylogenetic study showed that it formed a clade with
Tandanicolidae and Gymnophallidae rather than with Faustulidae as expected, suggesting for the
first time that the Faustulidae is polyphyletic. They proposed that the family requires a division into
two families, one related to Microphalloidea and the other related to Gymnophalloidea. They also
suggested that division of Faustulidae might be associated morphologically with the characteristics
of the cirrus-sac in that species of Allofellodistomum, Pronoprymna, Pseudobacciger and some
Bacciger have cirrus-sacs with a very small pars prostatica and this group could be potentially related
phylogenetically to Gymnophalloidea whereas species of Antorchis, (some) Bacciger,
Echinobreviceca, Faustula, Paradiscogaster, Parayamagutia, Trigonocryptus and Yamagutia have
cirrus-sacs enclosing a large and prominent pars prostatica and may form a clade associated with the
Microphalloidea.
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Cutmore et al. (2014) reported a phylogenetic analysis of 28S rDNA to consider the position
of a new species of Zoogonidae, Plectognathotrema kamegaii Cutmore, Miller, Bray & Cribb, 2014.
This analysis showed that five genera from three subfamilies of Zoogonidae form a clade with three
genera from Faustulidae, also suggesting the possibility that the families could be synonymous.
Further, the Zoogonidae was paraphyletic relative to the Faustulidae, suggesting that this family is
in need of examination to resolve its taxonomic status. Cutmore et al. (2018) recently reported two
new species of Bacciger from Australian clupeids. In phylogenetic analysis, these formed a clade
with Pseudobacciger cheneyae.
The focus of this chapter is to assess, on the basis of molecular phylogenetics, the
phylogenetic position of the Faustulidae relative to other trematode taxa and to explore relationships
within the family.
6.3. Methodology
6.3.1. Collection of fishes
Fishes hosting species of Faustulidae, mainly Paradiscogaster species from the TIWP, were
collected via spearfishing and hand nets from off Lizard Island (14°40'S, 145°27'E) and off Heron
Island (23°26'S, 151°54'E) on the Great Barrier Reef. Fish taxonomy follows Fishbase (Froese and
Pauly, 2018). Fishes were euthanized and dissected immediately, the digestive tract was removed and
examined using the gut wash approach following Cribb and Bray (2010). Trematodes collected were
fixed by pipetting them into near boiling saline followed by immediate preservation in 80% ethanol
for molecular characterisation (Cribb and Bray 2010).
Trematodes were identified morphologically based on Shimazu and Kamegai (1990), Cribb
et al. (1999), Diaz and Cribb (2013) and Diaz et al. (2013, 2015, and 2017).
6.3.2. Molecular sequencing
The extraction of DNA was carried out using phenol/chloroform extraction techniques
(Sambrook and Russell 2001). The 28S rDNA region was amplified using the primers LSU5 (5′-
TAG GTC GAC CCG CTG AAY TTA AGC A-3′; Littlewood 1994) and 1500R (5′-GCT ATC CTG
AGG GAA ACT TCG-3′; Snyder and Tkach 2001) and the ITS2 region using the primers 3S (3S:
5′-GGT ACC GGT GGA TCA CGT GGC TAG TG-3′; Morgan and Blair 1995) and ITS2.2 (5′-CCT
GGT TAG TTT CTT TTC CTC CGC-3′; Cribb et al. 1998).
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The PCR, amplifications and sequencing for the 28S and ITS2 rDNA regions were performed
following the procedures described in Chapter 2 of this thesis. Cycle sequencing was carried out at
the Australian Genome Research Facility. Sequencher™ version 4.5 (GeneCodes Corp.) was used
to assemble and edit contiguous sequences and the start and the end of the ITS2 region were
determined by annotation through the ITS2 Database (Keller et al. 2009; Ankenbrand et al. 2015).
Sequences from published studies were collected from GenBank and the accession numbers of each
sequences are shown on each tree (Fig. 1–3).
6.3.3. Molecular analysis
A Neighbour-joining analysis (NJ) was generated on MEGA V7 to visualize the number of
differences between Faustulidae and other closely related families with sequences published and
available on GenBank.
The partial 28S rDNA sequences generated during this study were aligned using MUSCLE
version 3.7 (Edgar 2004) implemented in Mega version 7 with ClustalW sequence weighting and
UPGMA clustering for iterations 1 and 2. The resultant alignment was refined by eye using
MESQUITE (Maddison and Maddison 2015) and the ends of each fragment were trimmed to match
the shortest sequence. To explore relationships among the taxa selected, a Maximum Likelihood
analyses was performed for the 28S rDNA dataset with RAxML v8 (Stamatakis et al. 2008). This
analysis was performed with closest approximation of the GTR + Γ model and 1,000 bootstrap
pseudoreplicates. Sequences from Hemiuridae and Tandanicolidae were selected as functional
outgroups as also used in the literature by Sun et al. (2014) and Cutmore et al. (2014).
6.4. Results
The Maximum Likelihood analysis for the 28S rDNA region incorporated 32 sequences from
Fellodistomidae (including a new sequence from this thesis), Gymnophallidae, Bucephalidae,
Zoogonidae and Faustulidae, plus one sequence as outgroup (Fig. 1). With the exception of three taxa,
Pseudobacciger cheneyae, Bacciger major and Bacciger minor, which formed a clade within the
Gymnophalloidea, all species of Faustulidae form a well-supported clade within the Zoogonidae. The
Zoogonidae is rendered paraphyletic with respect to the Faustulidae, although support for the basal
nodes is poor in Microphalloidea. Among the microphalloid Faustulidae, Trygonocryptus conus,
Antorchis pomacanthi and Bacciger lesteri all fell among species of Paradiscogaster, although
support was strong only for the terminal branches.
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For the ITS2 rDNA analysis, a total of 34 sequences were obtained from eight families of
trematodes. Of these, 23 were from Faustulidae (13 sequences from GenBank, 8 generated in this
study and two unpublished sequences donated by Cutmore S.C.), 6 sequences from Zoogonidae, one
sequence from Tandanicolidae, one sequence from Bucephalidae, five sequences from
Fellodistomidae (including a new sequence from this thesis), one sequence from Gymnophallidae
and one sequence as outgroup (Fig. 1). Neighbour-joining analysis of this region again showed that
faustulid taxa divided into two clades, one associated with the Zoogonidae and one in the
Gymnophalloidea. The Zoogonidae was again paraphyletic relative to faustulid taxa.
Figure 1.Maximum Likelihood analysis of the 28S rDNA region of Faustulidae, Zoogonidae,
Tandanicolidae, Bucephalidae, Gymnophallidae and Fellodistomidae. Bunocotyle progenetica is
incorporated as outgroup. Numbers in front of each sequence represent the GenBank number of the
published sequences.
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Figure 2. Neighbour-Joining analysis of the ITS2 rDNA region of Faustulidae, Zoogonidae,
Tandanicolidae, Bucephalidae, Gymnophallidae and Fellodistomidae. Aponurus is incorporated as
outgroup. *** represent unpublished sequences supplied by S.C. Cutmore. Numbers in front of each
sequence represent the GenBank accession number of the published sequences.
A restricted dataset of ITS2 rDNA sequences of only microphalloid faustulids was also
analysed, based on 23 sequences, plus an outgroup (Fig. 3). Two main groups can be seen in this
analysis. The first group includes parasites of chaetodontids, ephippids and pomacanthids which
have generally omnivorous diets. The second group is represented by species infecting chaetodontid
fishes only, and these fish are, overall, obligate corallivores.
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Figure 3. Neighbour joining analysis of the ITS2 rDNA region of Faustulidae, with emphasis on
Paradiscogaster. Tandanicola bancrofti is incorporated as outgroup. *** represent unpublished
sequences supplied by S.C. Cutmore. O: obligate corallivorous (only eat coral); F: facultative
corallivorous (can incorporate coral as a dietary item but in a small amount); OMN: omnivorous.
Numbers in front of each sequence represent the GenBank accession number of the published
sequences.
6.5. Discussion
Status of the family Faustulidae
Molecular analysis of both the 28S and ITS2 rDNA regions provides clear evidence that the
Faustulidae does not form a monophyletic clade. Species of four genera (Antorchis, Bacciger [some
species], Paradiscogaster, and Trigonocryptus) form a clade distinct to that formed by two other
species of Bacciger (Bacciger major and Bacciger minor) and Pseudobacciger cheneyae. This
finding has been suggested by several studies, including Hall et al. (1999), Olson et al. (2003), Bray
et al. (2005), Sun et al. (2014), Cutmore et al. (2014) and Cutmore et al. (2018). In the light of the
present expanded analysis, the result appears definitive; there is now sufficient molecular data to
make it clear that two completely different family-group taxa should be recognised from among the
family. However, the concept of the Faustulidae sensu stricto is dependent on the position of the
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type genus, Faustula. It is here predicted that it is related to Bacciger and Pseudobacciger because
of their morphological similarities in body shape (oval in all of them), position of the intestinal
bifurcation (posterior in fore-body in all of them) and the presence of lobed ovary. On this basis,
Faustula, Bacciger, Pseudobacciger and Pronoprymnawould be considered to represent Faustulidae
sensu-stricto as an independent family in the Gymnophalloidea. However, it is desirable for
specimens of Faustula to be sequenced to test this hypothesis, before any formal changes are
proposed.
Species of Antorchis, Bacciger lesteri, Paradiscogaster and Trigonocryptus are clearly
associated with the Zoogonidae. The Zoogonidae is resolved as paraphyletic with respect to the
faustulid genera, although the basal clades involved have poor support. As Zoogonidae is an older
family group name than Faustulidae, we could suggest that the species forming the paraphyly between
Zoogonidae and Faustulidae should be transferred to Zoogonidae, forming a potential new subfamily
in Zoogonidae. Species of Zoogonidae, as for example those from Zoogonoides andDiptherostomum,
are very similar morphologically to species of Paradiscogaster, with the exception of the position of
the genital pore which is lateral in these two species and medial in Paradiscogaster species and the
form of the vitellarium.
Relationships among the microphalloid Faustulidae
The key finding of the analysis of the restricted analysis of the ITS2 rDNA data set for
microphalloid faustulids is the identification of a basal dichotomy. One well-supported clade unites
eight species of Paradiscogaster that are all concentrated in obligate corallivorous chaetodontids.
The second clade (which has only poor support) is represented by species infecting fishes with
omnivorous diets. The correlation between the phologenetic topology and the diet of the hosts
suggests a significant distinction in the transmission of these parasites, specifically the identity of
the second intermediate host. However, there is nothing known about the second intermediate host
of these parasites and we cannot link these genetic differences without improved understanding of
the life cycle of these parasites.
According to the molecular analysis of the ITS2 rDNA, species of Paradiscogaster that have
been considered as the “Paradiscogaster glebulae species complex” form a well-supported clade.
Morphologically, all species in this clade possess appendages on the anterior and posterior margin of
the ventral sucker. This clade is formed by parasites infecting obligate corallivorous fishes from
Chaetodontidae. The topology of all the phylogenetic analyses suggests that this complex could be
distinguished as a new genus, based on both morphology and phylogenetics. Notably, the type-species
of Paradiscogaster, Paradiscogaster pyriformis Yamaguti, 1934, lacks appendages on the ventral
sucker. However, there is no molecular material available from this type species to determine its
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phylogenetic position and further information is required to conclude these hypothesis. If a new genus
is to be proposed for the P. glebulae complex it would imply that multiple new genera would be
needed. This possibility requires consideration in the light of the fiunding that analyses here identified
species of Antorchis, Bacciger and Trigonocryptus all nested among species of Paradiscogaster. It
thus appears that morphology is not generally a reliable guide to relationships within this clade.
6.5. Acknowledgements
PED thanks Becas Chile of Comisión Nacional de Ciencia y Tecnología Chile for granting a PhD
scholarship.
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Chapter 7
Trematodes of non-chaetodontid corallivorous fishes from the Great Barrier Reef, with the
description of a new species.
7.1. Abstract
The parasitological implications of the adoption of a corallivorous diet by fishes are poorly known.
The parasite fauna of the chaetodontid corallivores has been intensively studied in the last three
decades, but those of non-chaetodontid corallivores are almost completely unknown. In this study,
we examined 109 specimens of non-chaetodontid obligate corallivorous fishes from five families
(Blenniidae, Gobiidae, Labridae, Monacanthidae and Tetraodontidae) on the Great Barrier Reef.
None of the specimens of the families Gobiidae and Labridae were infected with trematodes. The
known species Trigonocryptus conus (Faustulidae) was found in Arothron nigropunctatus
(Tetraodontidae) and Lepotrema amansis (Lepocreadiidae) was found in Amanses scopas, both from
Heron Island. One new species, Prudhoeus collariphagous n. sp., is described from Amanses scopas
(Cuvier, 1829) (Monacanthidae). The single specimen of the blenniid Exallias brevis was also
infected by this species. The reasons why these fishes have so few trematodes relative to the rich
fauna in chaetodontids are unknown. Further studies on the life cycles of parasites of corallivores are
necessary to improve the understanding of host-parasite relationships in these fishes.
7.2. Introduction
Host diet plays a critical role in the study of endoparasites, because trophic transmission is
one of the main mechanisms by which they enter to the host. It is thus one of the principal factors to
consider in analysis of the structuring of the endoparasite fauna of fishes (Poulin 2006).
Corallivory is generally considered an uncommon dietary behaviour, however, a surprising
number of fish species eat at least some coral tissue. Cole et al. (2008) reported 128 species that
incorporate coral polyps in their diet, dividing them into two main groups: obligate and facultative
corallivores. The obligate corallivores, the main focus of this study, can also be divided into the
chaetodontids (richest group), the Labridae (three corallivorous genera), and the rest, comprising
small numbers of species from the Blenniidae, Gobiidae, Monacanthidae, Pomacentridae and
Tetraodontidae.
Most of the parasitological studies on chaetodontid corallivores relate to taxonomy, which has
been intensively studied in the last three decades, showing a rich fauna of Faustulidae and
Monorchidae (Bray et al. 1994; Cribb et al. 1999; McNamara et al. 2012; Diaz et al. 2013; Diaz et al.
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2015). Studies by Aeby (1991; 1998; 2002) provide the only data reporting larval trematodes in coral
polyps, specifically from the genus Porites Link. She showed that opecoelids metacercariae can be
found in corals from where they are transmitted to the final hosts, corallivorous chaetodontids.
However, the trophically transmitted parasites of the non-chaetodontid corallivores are almost
completely unknown, and this is the focus of this chapter.
The present study reports a survey of obligate non-chaetodontid corallivorous fishes
(categorized as such by Rotjan and Lewis (2008) and Cole et al. (2008)) from five families
(Blenniidae, Gobiidae, Labridae, Monacanthidae and Tetradontidae) off Lizard Island and Heron
Island, Great Barrier Reef seeking to determine whether the trematodes fauna is comparable to that
commonly found in chaetodontid obligate corallivores. A new trematode species from Amanses
scopas (Monacanthidae) and Exallias brevis (Blenniidae) is described.
7.3. Methodology
7.3.1. Collection of fishes
The selection of the obligate non-chaetodontid corallivorous fishes was based on studies by
Rotjan and Lewis (2008) and Cole et al. (2008). Specimens of seven species of fish from five families
were collected via spearfishing and hand nets from off Lizard Island (14°40'S, 145°27'E) and Heron
Island (23°26'S, 151°54'E) on the Great Barrier Reef. Fish taxonomy follows FishBase (Froese and
Pauly 2018). Fishes were euthanized and dissected immediately, the digestive tract was removed and
examined using the gut wash approach following Cribb and Bray (2010). Trematodes collected were
fixed by pipetting them into near boiling saline followed by immediate preservation in 80% ethanol
for parallel morphological and molecular characterisation (Cribb et al. 2010).
7.3.2. Morphological analysis
Specimens for morphological examination were prepared and mounted according to Diaz et
al. (2016). Measurements were made with an Olympus BX53 microscope fitted with an Olympus
SC50 digital camera (Diagnostic Instruments, Inc.) using Olympus cellSens StandardTM1.13 imaging
software. Worms were drawn using an Olympus U-DA drawing tube and Adobe Illustrator CS6
software. All measurements are in micrometres (µm) and are given as the range followed by the mean
in parentheses. Where length is followed by breadth, the two measurements are separated by ‘’.
When limited material was available for measurements of specific features, the number of specimens
is given (n). The type-specimens are lodged in the Queensland Museum (QM), Brisbane, Queensland,
Australia.
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7.3.3. Molecular analysis
Total genomic DNA from the specimens of the new species was extracted using standard
phenol-chloroform extraction procedures (Sambrook and Russell 2001). Amplification and
sequencing of the ITS2 nuclear ribosomal DNA region was performed with the forward primer 3S
(5'-GGT ACC GGT GGA TCA CGT GGC TAG TG-3') (Morgan and Blair 1995) and the reverse
primer ITS2.2 (5'-CCT GGT TAG TTT CTT TTC CTC CGC-3') (Cribb et al. 1998), following the
procedures detailed In Chapter 2 of this thesis. The start and end of the ITS2 rDNA region was
determined by annotation though the ITS2 database (Ankenbrand et al. 2015; Keller et al. 2009).
The ITS2 and 28S rDNA sequences generated during this study were aligned with related
sequences obtained from GenBank using MUSCLE version 3.7 (Edgar 2004). The resultant
alignment was reﬁned by eye using Mega 7 (Kumar et al., 2016) and the ends of each fragment were
trimmed to match the shortest sequence in the alignment. A Neighbour-joining analysis was carried
out for the ITS2 rDNA sequences on Mega 7 (Kumar et al., 2016) and a Maximum Likelihood
analysis was performed for the 28S rDNA dataset with MrBayes v3.2.6 (Ronquist et al. 2012)
implemented in the CIPRES portal (Miller et al. 2009).
7.4. Results
One specimen of Exallias brevis (Kner) (Blenniidae), 22 of Gobiodon citrinus (Rüppell)
(Gobiidae), eight of Labropsis australis Randall (Labridae), 36 of Labrichthys unilineatus
(Guichenot) (Labridae), seven of Amanses scopas (Cuvier) (Monacanthidae), 22 of Oxymonacanthus
longirostris (Bloch & Schneider) (Monacanthidae) and 35 of Arothron nigropunctatus (Bloch &
Schneider) (Tetraodontidae) were examined for trematodes. None of the specimens of the families
Gobiidae and Labridae were infected with trematodes. Eight specimens of Arothron nigropunctatus
(Tetraodontidae) were infected with a described species, Trigonocryptus conusMartin, 1958, and one
specimen was infected by Psettarium hustoni Yong, Cutmore, Jones, Gauthier & Cribb, 2018
(Aporocotylidae) as described by Yong et al. (2018). The monacanthids Amanses scopas was
frequently infected (6 of 7) with the lepocreadiid Lepotrema amansis Bray, Cutmore & Cribb, 2018
(Bray et al. 2018) and with a new species of Fellodistomidae described below. Specimens of Exallias
brevis (Blenniidae) had two immature and one adult specimen of the same species.
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7.4.1. Morphological analysis
Family Fellodistomidae Nicoll, 1909
Genus Prudhoeus Bray & Gibson, 1980
Prudhoeus coralliphagous n. sp.
Type-host: Amanses scopas (Cuvier), Broom filefish (Monacanthidae).
Other host: Exallias brevis (Kner), leopard blenny (Blenniidae).
Type-locality: Off Heron Island (23°26'S, 151°54'E), southern Great Barrier Reef, Queensland,
Australia.
Type-material: Holotype (QM G xxxxx) and xxx paratypes, (QM G xxxxx).
Site in host: Intestine.
Prevalence: 4 of 7 A. scopas; 1 of 1 E. brevis.
Representative DNA sequences: Three identical ITS2 rDNA replicates (one to be submitted to
GenBank xxxxxx) and three identical 28S rDNA replicates (one to be submitted to GenBank xxxxxx).
ZooBank registration: To comply with the regulations set out in article 8.5 of the amended 2012
version of the International Code of Zoological Nomenclature (ICZN, 2012), details of the new
species have been submitted to ZooBank. The Life Science Identifier (LSID). The LSID for
Prudhoeus coralliphagous n. sp. is xxxxxx.
Etymology: This species is named for the diet of Amanses scopas which is an obligate corallivore.
Description (Fig. 1)
[Measurements based on 6 mature, unflattened worms.] Body elongated-oval, with rectilinear
hindbody, 1,537–2,745  390–542 (1,796  440); body width 21–27 (25)% of body length. Oral
sucker oval, slightly pointed anteriorly, 177–231  169–221 (194  185). Prepharynx short. Pharynx
oval, 111–161  110–165 (134  137). Oesophagus short, 24–47 (35) long. Intestinal bifurcation in
anterior half of forebody. Caeca extend into posterior half of post-testicular region. Forebody 564–
845 (634) long, occupying 33–37 (36)% of body length. Ventral sucker transversely oval, larger than
oral sucker, 238–385  282–430 (274  315), occupying 11–21 (15)% of body length and 66–79
(71)% of body width. Oral sucker 51–62 (59)% of ventral sucker. Testes two, irregularly rounded to
oval, oblique to opposite in anterior hindbody, 91–245  74–169 (138  103). Cirrus-sac oval, in
forebody, with bipartite internal seminal vesicle, 207–384  89–162 (258  112). Pars prostatica wide,
with external gland-cells. Ejaculatory duct sometimes forming everted cirrus. Genital pore ventral,
slightly dextrally submedial, at level of intestinal bifurcation.
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Ovary deeply trilobed, anterior to and contiguous with testes, posterior to ventral sucker, 74–149 
60–114 (99  82). Seminal receptacle uterine. Laurer’s canal opening dorsally at level of anterior
margin of ovary. Vitelline follicles rounded, in separate lateral fields, from level of anterior margin
of testes to mid-hindbody, 16–24 (20) in diameter. Uterus extensive, post-testicular, extending to
posterior extremity. Eggs tanned, operculate, 26–32  14–16 (29  15). Excretory vesicle V-shaped;
arms extending just anterior to posterior margin of oral sucker.
Figure 1. Prudhoeus coralliphagous n. sp. from Amanses scopas off Heron Island. Scale-bar: 200
µm.
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7.4.2. Molecular analysis
Complete ITS2 rDNA sequence data were generated for three individuals of Prudhoeus
coralliphagous n. sp. The sequences were identical and consisted of 25 bp of flanking 5.8S rDNA,
309 bp of ITS2 and 25 bp of flanking 28S rDNA.
In the analysis of the ITS2 rDNA region, P. coralliphagous n. sp. was identified as sister to
the clade of Coomera brayi and Oceroma praecox. In the analysis of 28S rDNA it formed a
moderately well-supported clade with Steringotrema robertpoulini.
Figure 2. Neighbour-Joining phylogram of ITS2 rDNA sequence data generated in this study and
other published species. Numbers in front of the species represent the GenBank number.
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Figure 3. Relationship between Prudhoeus coralliphagous n. sp. and fellodistomid taxa based on
Maximum Likelihood analysis of the 28S rDNA dataset. Numbers in front of the species represent
the GenBank number.
7.5. Discussion
7.5.1. Morphological taxonomy
Within the Fellodistomidae, Prudhoeus Bray & Gibson, 1980 clearly belongs to the
Fellodistominae as recognized by Bray et al. (2008) in having a blind-ending caeca, a unipartite
cirrus-sac and an unspecialized pharynx. Prior to this study, this genus was comprised of three
species: Prudhoeus nicholsi Bray & Gibson, 1980, P. africanus Gaevskaya & Aleshkina 1983 and P.
oligolecithosum Wang 1984. Prudhoeus coralliphagous n. sp. has two caeca, a trilobed ovary, lack
of filaments on the eggs, and much of the vitellarium in the ventral plane, positioning it clearly in this
genus.
Of the three described species, the new species is most similar to Prudhoeus nicholsi Bray &
Gibson, 1980, but can be distinguished by the length of the forebody and position of the ventral
sucker, which is anteriorly on P. nicholsi, and also in the position of the vitelline follicles, which are
immediately posterior to the posterior margin of the ventral sucker in P. nicholsi and at the level of
the testis in the hindbody for Prudhoeus coralliphagous n. sp. This species differs from P. africanus
in the configuration of the testes, which are opposite in the new species and asymmetrical in P.
africanus. The ovary is always trilobed in P. coralliphagous n. sp. whereas that of P. africanus is
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bilobed. The new species differs from P. oligolecithosum in the configuration of the vitelline follicles,
which are mostly anterior to the testis in P. oligolecithosum, it differs in the size of the ventral sucker,
which is smaller than the testis in P. oligolecithosum; it differs in the configuration of the testes,
which are opposite in the new species and it differs in the morphology of the ovary, which is lobed
in P. oligolecithosum and trilobed in the new species.
Prudhoeus was originally placed in Fellodistominae, then it was suggested to be repositioned
in the Lintoniinae due to the similarity with Lintonium (Bray 1988). However, this subfamily was
recognised entirely on its life cycle and Bray (2002) considered it as synonymous with
Fellodistominae, retaining Prudhoeus in the Fellodistominae due to the lack of information on the
life cycle of species of this genus. Bray et al. (1994) also suggested that P. africanus is similar to
Symmetrovesicula Yamaguti, 1938 and that the description of P. oligolecithosum is lacking sufficient
detail to allow the confirmation of its position.
The differences in hosts and distribution of the species of Prudhoeus are striking. The type-
species, P. nicholsi, was described from Polyacanthonotus rissoanus (De Filippi & Verany)
(Notacanthidae), which is distributed at between 500–2800 meters in the Atlantic. Prudhoeus
africanus was described from Chaetodon hoefleri Steindachner (Chaetodontidae) from the Atlantic
coast of Africa and P. oligolecithosum was described from Sparus latus (now Acanthopagrus latus
Houttuyn) (Sparidae) from China. Differences in the biology of the hosts and their distributions in
the water column question whether these species belong to the same genus, especially the contrast
between the deep-sea host of the type-species and the other species of the genus, including the species
described here. However, such distributions can occur and it is essential to understand the life cycles
of these parasites to elucidate these questions. A similar case happened in Derogenidae with species
of Hemipera, which was originally described from a deep-sea host (Nicoll, 1913) and then Diaz et al.
(2016) described a species from a rocky shore blenniid.
7.5.2. Molecular analysis
This study is the first to report sequence data for a species of Prudhoeus. Originally we thought
that specimens may represent three species, due to the considerable differences in the body size of
the specimens (including immature), however, ITS2 rDNA sequences were 100% identical for the
various body sizes. Comparable differences were also mentioned by Bray & Gibson (1980), where
mature specimens of Prudhoeus nicholsi Bray & Gibson, 1980 comprised small and large parasites.
In the phylogenetic analysis of the 28S rDNA (Fig. 3), Prudhoeus coralliphagous n. sp. is nested
among fellodistominae species and formed a clade with species of Steringophorus, confirming its
position in Fellodistomidae.
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Molecular analysis of congeneric species of Prudhoeus coralliphagous n. sp. are needed to
test the taxonomic position of the species in the genus.
7.5.3. Non-chaetodontid corallivores & trematodes
The species selected for this study are obligate corallivores and most have a dietary preference
for Acropora species, similar to what has been reported for obligate chaetodontid fishes infected by
species of Paradiscogaster, Podocotyloides and Symetrovesicula. Unfortunately, most of the trophic
studies on these obligate corallivorous fishes do not specify the dietary items to species level. One
exception to this is the study of Brooker et al. (2013) who reported selectivity in the dietary items
from Oxymonacanthus longirostris indicating at species level the items consumed by this fish. It will
be important to know specifically which species of Acropora are consumed by each of the other
corallivorous fishes, including the chaetodontid and non-chaetodontid fishes. The understanding of
this information could lead us to focus on a more refined list of coral species in which to seek
intermediate stages of these trematodes.
This study did not find trematodes from most of the non-chaetodontid corallivore species
examined. We sampled and analysed a considerable number of specimens of Labrichthys unilineatus,
Oxymonacanthus longirostris and Gobiodon citrinus with no parasitological findings. Further
collection and examination of Exallias brevis, Labropsis australis and Amanses scopas are
encouraged to increase the sampling number and determine if these species will have a higher richness
of trematode parasites. As it is mentioned during this chapter, we only had one specimen of E. brevis
with one adult and two immature worms and we were not able to collect any molecular data from this
species.
Bray et al. (2018) described Lepotrema amansis as a common parasite of Amanses scopas
from Heron Island. In the context of this study, it is of great interest that Lepotrema species of
monacanthids in Japanese waters have been shown to be transmitted to the host through ingestion of
infected medusa (Miyajima et al., 2011; Kondo et al., 2016). In our view, these findings make it
entirely plausible that transmission of P. coralliphagous is by way of ingestion of metacercariae in
coral tissues. It seems reasonable that there could be flexibility in these life cycles in the infection of
polyp or medusa stages (or even both) depending on the feeding preferences of the definitive hosts.
As for the species of Paradiscogaster that are found preferentially or exclusively in corallivores, it
seems likely that the metacercariae of both L. amansis and P. coralliphagous will ultimately be found
in corals.
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Chapter 8
Attempt to find metacercariae in coral polyps of Acropora species from Heron Island, Great
Barrier Reef.
Short communication
Life cycles of digeneans are complex, including at least one intermediate host as well as two
free-living stages (Cribb, 2005). In the study of these parasites, the diet of the hosts represents an
important key feature to consider, because the parasites usually enter the definitive host through the
diet, and most live in the digestive tract as sexually reproducing adults (Diaz and Munoz, 2010).
Corallivory can be considered an uncommon dietary behaviour, however, a high number of
fish species (128 species [Cole et al. (2008)]) eat at least some coral tissue. There are several studies
focused on parasites from herbivorous, piscivorous and omnivorous fishes, however, the effects of
corallivory on the community of endoparasites are poorly known. Studies done in Hawaii by Aeby
(1991; 1998; 2002; 2003) were the first and one of the only published records of a larval trematode
found in coral species, specifically from the genus Porites. Other parasitological studies have been
focused on coral reef fishes from the family Chaetodontidae (Bray et al. 1994; Cribb et al. 1999; Diaz
et al. 2013; Diaz et al. 2015), however, these studies have been focused on the parasites in the adult
stage in the definitive host and have not considered the use of coral polyps as hosts for coral reef fish
trematodes.
In this thesis, multiple trematode species (mainly species of Paradiscogaster) were identified
as preferentially infecting obligate corallivores. This finding led to the simple prediction that their
metacercariae will be found in the coral polyps that dominate the diets of these fishes. The present
study thus examined acroporid corals, one of the main dietary items selected by obligate corallivore
chaetodontids (fishes that have more than 95% coral intake into their diets) that are frequently infected
by a high variety of trematodes on the Great Barrier Reef. The aim was to find intermediate stages of
these trematodes in the coral. Obligate corallivorous chaetodontid fishes feed by biting the polyps
and extracting them with their highly specialised pointed mouthes. If the parasite is transmitted to the
host through the diet, it should be expected that the parasites as intermediate stage will be in the coral
polyps. Thus, we decided to extract the polyps of the coral and examine them under dissecting
microscopes.
Coral species were selected according to studies done by Rotjan & Lewis (2008) and Cole et
al. (2008) who highlighted Acropora species as one of the main dietary sources of obligate
corallivorous chaetodontids. Coral fragments were collected at Heron Island, Great Barrier Reef
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(23°26'S, 151°54'E) while snorkelling. 40 fragments were collected in April 2012, and 50 fragments
in February 2017. Each fragment contained approximately 50-100 polyps.
First, we examined the coral fragments using stereo microscopes to see if the parasites were
visible on the surface of the corals or attached to the coral polyps. After a negative outcome using
this technique, polyps were extracted using a combination of techniques including blasting the tissue
of the coral with a mix of water and pressurised air from a diving cylinder. We also used a low
pressure Ozzito 1100w/1.5hp electric air compressor attached with an air gun and water bottle to
remove the polyps with this air and water mix. The coral polyps extracted with the high pressure
technique were examined directly under a dissecting microscope for trematodes attached in or free
from the polyps. A similar procedure was carried out after extracting the polyps with the low pressure
technique, however, in we added a wash technique as described by Cribb et al. (2010) to processes
the samples. The sample was mixed with a substantial volume of saline solution, shaken vigorously
in a sealed container, allowed to settle for at least one minute (to allow any parasites to sink), then
approximately 90% of the mixture was discarded and the last 10% was examined under a stereo
miscroscope.
From the 90 coral fragments extracted and approximately 4500-9000 coral polyps analysed,
we found no trematodes alive or dead on the coral polyps or coral skeleton. These findings do not
means that the metacercariae are not present in coral polyps. Some of the possible explanations of
this negative finding may relate to the techniques. Even though we alternated between high to low
pressure tissue removal, it is posible that the parasite were destroyed or damaged during this process
and, considering the size of a juvenile trematode that can be found in these fishes (approximately
300µm long), it may be difficult to recognise the damaged parasites mixed with the polyps, mucus
and the rest of the coral fragments.
It has been reported that some obligate corallivorous chaetodontids bite corals more than 3000
times per day, taking at least one polyp with every bite (Pratchett et al. 2013). If we consider the
longevity of a trematode parasite in the gut of a fish, possibly two months, and we multiply the number
of bites over such a period (3000 bites * 60 days = 180.000 bites), then this calculation creates a rough
estimate of the prevalence in coral polyps required to maintain a mean intensity in the fish of 1; that
is, prevalence in polyps could easily be <0.001%. Although many fish have more than a single
infection, many also have no infections at all. There are also likely to be significant issues of local
concentrations of transmission. On this basis, a sample of 9,000 polyps, even if processed with no
infections overlooked, had a poor chance of detecting infections. Increasing the number of coral
fragments for examined dramatically would appear to be necessary to find the intermediate stages of
these trematodes in corals.
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Recently developed techniques such as the analysis of environmental DNA (e.g. extracted
from mass coral samples), could help to find evidence of these parasites in the coral. Resulting
sequences could easily be matched with existing sequences obtained from the parasites in the adult
stages. However, this technique is still expensive and will not help with the description of the
morphology of the metacercariae.
Life cycles of digeneans are complex, and to elucidate these enigmas will be a great
contribution to the understanding of parasite transmission on corallivorous fishes from an important
and valuable environment as the Great Barrier Reef and future studies on this topic are needed.
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Chapter 9
General discussion
In this thesis, the taxonomy, systematics and phylogeny of trematodes from Faustulidae from
corallivorous fishes were studied, considering fishes from different families in the Tropical Indo-west
Pacific (TIWP). Although a considerable contribution was generated with the description of new
trematode species, the phylogenetic study of Faustulidae and its relationships with Zoogonidae, and
the parasitological study of non-chaetodontid corallivorous fishes, there are still some areas in which
future studies are needed to improve the understanding of this group of parasites.
In my first research chapter (Chapter 3), the four new species described from ephippid fishes
revealed that parasites from Faustulidae, in particular from Paradiscogaster, are not present only in
chaetodontid fishes or corallivores. They can be found in fishes that are not related to butterflyfishes,
with a distinct diet and distribution in the water column. This was a significant finding for me, as I
thought that this group of parasites only infect fishes with a corallivorous diet, and it was the
beginning of interesting findings.
Chapter 4 analysed the Paradiscogaster eniwetokensis species complex from chaetodontid
fishes of the Indo Pacific region. Species complexes and cryptic species have become intensively
reviewed due to the inclusion of molecular studies in taxonomy, and many trematode species have
been described from study of species complexes. The combined morphological and molecular
evidence allowed me to refine the concept of P. eniwetokensis sensu stricto and also to describe two
new species, originally considered as P. eniwetokensis. Strikingly, all three species now recognised
have quite distinct patterns of host-specificity and geographical distribution. These results
demonstrated to me that, even with advanced techniques available nowadays, there is still a lot to do
in terms of taxonomy of these parasites and, that it is essential to review groups of parasites that have
never been studied with molecular data.
In Chapter 5, three new species of Paradiscogaster were described from butterflyfishes from
widespread localities in the TIWP. This chapter shows that Paradiscogaster is a widely distributed
genus, with representatives from the west coast of Australia, to the extreme east of the TIWP, French
Polynesia. However, it does not mean that all these species are distributed across the entire region,
and my findings were clear in this regard, finding both widespread trematode species and some
restricted to single localities, even when the hosts are reported to be distributed in the entire TIWP
region. If the hosts are distributed throughout the TIWP, it seems likely that some aspect of the life
cycle of these parasites is restricting their distribution. Life cycles of digeneans are complex,
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including at least one intermediate host as well as two free-living stages. In this regard, it is essential
to consider the diet of the host and its implications for the parasite fauna associated with it.
In Chapter 6, I studied the molecular phylogeny of Faustulidae, analysing the ITS2 and 28S
rDNA regions, and explored its taxonomic status, its relation to Zoogonidae and its phylogenetic
position in the Microphalloidea and Gymnophalloidea. The most important finding of this chapter is
the clear evidence that Faustulidae does not form a monophyletic clade. Some species of Antorchis,
Bacciger, Paradiscogaster, and Trigonocryptus form a strongly supported clade distinct from the
clade of two species of Bacciger and Pseudobacciger cheneyae. These findings are sufficient
evidence to show that two completely different families should be recognised. On one side
Faustulidae sensu stricto formed, probably, by some species of Bacciger, Faustula, Pseudobacciger
and Pronoprymna in the Gymnophalloidea, and the other faustulid genera in the Microphalloidea,
close to Zoogonidae. Final resolution of this issue requires sequencing of a species of Faustula, the
type-genus.
In Chapter 7, I studied the parasite fauna of corallivores other than Chaetodontidae to explore
the implications of a coral diet on their endoparasites. A total of 109 individuals from five fish families
were examined without finding of Faustulidae. Instead, I found two species, Lepotrema amansis and
Trigonocryptus conus that were already known, plus a new species of Fellodistomidae described in
this chapter from Amanses scopas and Exallias brevis. These results were surprising as I expected to
find Faustulidae species from the genus Paradiscogaster in fishes that have an obligate corallivorous
diet, following the pattern seen in Chaetodontidae. Again, knowledge of the life cycles of these
parasites, especially identification of the intermediate hosts, may be crucial to explain why these
groups of fishes do not have faustulids and which factors allow chaetodontid fishes to be infected.
In Chapter 8, as a result of the identification of a rich fauna of trematodes in corallivorous
chaetodontids (together with some in other fish families), I attempted to find trematode metacercariae
in corals. The attempt was not successful, possibly because of a low prevalence of infection in coral.
However, other more complex explanations remain possible. Genuine understanding of the basis of
transmission in this sytem remains a major gap and difficulty for understanding this field.
I encourage further studies on this group of parasites, considering different localities not yet
sampled, different hosts not sampled, and also increasing the number of specimens for some of the
fish species for which samples were low. I also encourage future search for metacercariae that may
infect coral polyps to try to identify the intermediate stages of this group of parasites.
The study the taxonomy, systematics and phylogenetic status of Faustulidae from
corallivorous fishes in the TIWP has been an amazing challenge and a very interesting and dynamic
research topic. Although this thesis answers most of the questions that I had at the beginning of this
journey, a few still remain without answers, especially those related to the life cycle of these parasites.
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A total of 1523 individuals of 34 species of chaetodontids from theGreat Barrier Reefwere examined for faustulid
trematodes. Specimens resembling Paradiscogaster glebulae Bray, Cribb & Barker, 1994 were found in nine
chaetodontid species at three localities. These specimens are shown, on the basis of combined morphological
and molecular analyses, to comprise a complex of morphologically similar and partly cryptic species. The
complex may comprise as many as six distinct species of which three are resolved here. The true P. glebulae is
identiﬁed in Chaetodon ornatissimus Cuvier, 1831, Chaetodon aureofasciatus Macleay, 1878, Chaetodon plebeius
Cuvier, 1831, Chaetodon rainfordiMcCulloch, 1923 and Chaetodon speculum Cuvier, 1831. Two new species are
described, Paradiscogaster munozae n. sp. from Heniochus varius (Cuvier, 1829), Heniochus chrysostomus Cuvier,
1831 and Chaetodon citrinellus Cuvier, 1831 and Paradiscogaster melendezi n. sp. from Chaetodon kleinii Bloch,
1790. In terms of morphology the three species differ most clearly in the development of the appendages on
the ventral sucker. The three species differ at 3–6 consistent bp of ITS2 rDNA. The host-speciﬁcity of the three
species differs strikingly. P. melendezi n. sp. infects just one ﬁsh species, P. glebulae infects species of only one
clade of Chaetodon, and P. munozae n. sp. infects quite unrelated species. The basis of this unusual pattern of
host-speciﬁcity requires further exploration. Two of the species recognised here, P. glebulae and P. munozae n. sp.,
showed apparent intra-individual variation in the ITS2 rDNA sequences as demonstrated by clear, replicated double
peaks in the electropherograms.
© 2015 Elsevier Ireland Ltd. All rights reserved.
1. Introduction
The genus Paradiscogaster Yamaguti, 1934 (Faustulidae) currently
comprises 24 species that infect 13 families of ﬁshes, of which the
Carangidae, Chaetodontidae, Drepaneidae, Monacanthidae, Ostraciidae
and Triacanthidae each have more than one reported species [1]. Of
these, the Chaetodontidae has the greatest diversity of species of
Paradiscogaster, with seven species reported from Japan, Eniwetok
Atoll in the Marshall Islands, Palau, Ningaloo Reef, New Caledonia and
especially the Great Barrier Reef (GBR), which has six species [2–6].
Some of these species have been reported to have an extensive distribu-
tion in the Tropical Indo-West Paciﬁc (TIWP)whereas others are known
from only a single locality.
Recent molecular studies of trematodes of ﬁshes have shown that
cryptic species occur commonly in this class of parasites and there are
now reports of what have been interpreted as cryptic species for multi-
ple trematode families (e.g. [7–14]). Cryptic species are frequently
associatedwith closely related hosts, butmay also be found in allopatry,
and, occasionally, sympatrically in individual host species [15,16].
The present study explores the taxonomic status of Paradiscogaster
glebulaeBray, Cribb&Barker, 1994 on theGBR. This specieswas described
from Chaetodon ornatissimus Cuvier, 1831 (type-host) and eight addition-
al species of chaetodontids fromoff Heron Island on the southern GBR [4].
Subsequent collecting and analysis of new samples agreeing broadlywith
P. glebulae from GBR chaetodontids suggested the possibility of the
presence of more than one species. We here begin to characterise this
complex on the basis of combined analysis of morphological andmolecu-
lar data.
2. Materials and methods
2.1. Collection of specimens
Trematodeswere obtained from freshly-killed ﬁsh collected from off
Lizard Island (14° 40′ S, 145° 27′ E), Swain Reefs (21° 14′ S, 151° 50′ E)
and off Heron Island (23° 26′ S, 151° 54′ E). Specimenswere ﬁxed by pi-
petting them into near boiling saline followed by immediate preserva-
tion in 10% formalin for morphological study or 100% ethanol for
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molecular analysis. More recently collected specimens were preserved in
70% ethanol which allows specimens to be used for either morphological
or molecular analysis [17], and allows the generation of hologenophores
[18].
2.2. Morphological analysis
Specimens for morphological examination were washed in fresh
water, stained with Mayer's haematoxylin, destained with 1% HCl,
neutralised with 1% ammonia solution, dehydrated in a graded series
of ethanol, and cleared in methyl salicylate. Specimens were then
mounted on slides in Canada balsam. Measurements were made
with an Olympus BH-2 microscope and a SPOT Insight™ digital camera
(Diagnostic Instruments, Inc.) using SPOT™ imaging software. Worms
were drawn using a drawing tube and Adobe Illustrator CS6 software.
All measurements are in micrometres (μm) and are given as the range
followed by the mean in parentheses. Type and voucher specimens
were deposited in the Queensland Museum, Australia (QM).
2.3. Molecular and phylogenetic analyses
Total genomic DNA from Paradiscogaster specimens was extracted
using standard phenol–chloroform extraction procedures [19]. Ampliﬁ-
cation of the ITS2 nuclear ribosomal DNA region was performed with
the forward primers GA1 (5′-AGA ACA TCG ACA TCT TGA AC-3′ [20])
and 3S (5′-GGT ACC GGT GGA TCA CGT GGC TAG TG-3′ [21]), and the
reverse primer ITS2.2 (5′-CCT GGT TAG TTT CTT TTC CTC CGC-3′ [22]).
PCR was performed with a total volume of 20 μl consisting of approxi-
mately 10 ng of DNA, 5 μl of 5× MyTaq Reaction Buffer (Bioline),
0.75 μl of each primer (10 pmol) and 0.25 μl of Taq DNA polymerase
(BiolineMyTaq™DNA Polymerase), made up to 20 μl with Invitrogen™
ultraPURE™ distilled water. Ampliﬁcation was carried out on a MJ
Research PTC-150 thermocycler using the following proﬁle: an initial
single cycle of 95 °C denaturation for 3 min, 45 °C annealing for 2 min,
72 °C extension for 90 s, followed by 4 cycles of 95 °C denaturation for
45 s, 50 °C annealing for 45 s, 72 °C extension for 90 s, followed by 30
cycles of 95 °C denaturation for 20 s, 52 °C annealing for 20 s, and
72 °C extension for 90 s, followed by a ﬁnal 72 °C extension for 5 min.
Ampliﬁed DNA was puriﬁed using a Bioline ISOLATE II PCR and Gel
Kit, according to the manufacturer's protocol. Cycle sequencing of puri-
ﬁed DNA was carried out using ABI Big Dye™ v.3.1 chemistry following
the manufacturer's recommendations, using the ampliﬁcation primers.
Sequencing was carried out at the Australian Genome Research Facility
using an AB3730xl capillary sequencer. Sequencher™ version 4.5
(GeneCodes Corp.) was used to assemble and edit contiguous se-
quences. The start and end of the ITS2 rDNA region was determined
by reference to the ITS2 database [23]. The sequences were aligned
using CLUSTAL implemented within MEGA v. 5 [24].
3. Results
3.1. Overview
In total, 1523 individuals of 34 species of chaetodontids were exam-
ined for faustulids at the three GBR localities (Table 1). Specimens of the
P. glebulae species complex (deﬁned by the presence of distinct append-
ages on the anterior and posterior margins of the ventral sucker) were
found in nine chaetodontid species. Although preliminary morphological
examination suggested that multiple species were probably present in
the system, the taxonomic hypothesis proposed below only became
clear in the light of molecular analysis.
3.2. Molecular results
ITS2 rDNA sequencedatawere obtained for 44 individual specimens.
Of these 44 sequences, 28 related to three distinct genotypes from seven
chaetodontid species comprising eight host/locality combinations;
there were between two and 17 replicates of each genotype. The length
of the ITS2 region for one genotype (that ultimately identiﬁed as corre-
sponding to P. glebulae sensu stricto) was 246 bp; for the other two ge-
notypes the length was 248 bp. An additional 49 bases of ﬂanking 5.8S
rDNA and 49 bases of 28S rDNA were included in the ﬁnal alignment.
The genotype corresponding to P. glebulae differed from genotype 2 by
4 bp and from genotype 3 by 6 bp; genotypes 2 and 3 differed by 6 bp.
The three genotypes were considered to represent operational taxo-
nomic units (OTUs) which were analysed as the basis for the possible
recognition of species. In addition to these three genotype/morphotype
combinations, several further genotypes comprising the other 16 se-
quences generated were identiﬁed on the basis of molecular analysis,
however they are not included in this study due to insufﬁcientmorpho-
logical specimens and our failure so far to detect morphological differ-
ences between the specimens corresponding to them.
Scrutiny of the sequence data for multiple individually sequenced
specimens of P. glebulae and genotype 2 indicated intra-individual varia-
tion at three base positions of ITS2 rDNA in the form of clear double
peaks in the corresponding electropherograms (see Table 3). One of
the positions represented a transition (C/T, relating to P. glebulae) and
the other two represented transversions (A/T [genotype 2] and G/T
Table 1
Prevalence of three species of the Paradiscogaster glebulae complex in Chaetodontidae ex-
amined from the GBR. HI: Heron Island, LI: Lizard Island, SW: Swain Reefs. Infected ﬁsh
species are shown in bold. Numbers in parentheses represent the number of infected ﬁsh.
Clades of species of Chaetodon are as recognised by Bellwood et al. [49].
Host
genus
Clade Species Paradiscogaster
species
HI LI SW Total
Chaetodon 2 citrinellus P.munozae
n. sp.
34 56 (5) 2 92
kleinii P. melendezi
n. sp.
21
(2)
23 44
pelewensis 8 2 10
mertensii 1 1
unimaculatus 9 15 24
3 aureofasciatus P. glebulae 34
(2)
33
(10)
1 68
baronessa 32 55 87
bennetti 10 2 12
lunulatus 54 65 4 123
ocellatus 2 2
ornatissimus P. glebulae 15
(1)
15
plebeius P. glebulae 33
(1)
33 (1) 2 68
rainfordi P. glebulae 50 34 (9) 3 87
speculum P. glebulae 26 12 (2) 4 42
trifascialis 32 12 2 46
4 auriga 51 49 2 102
ephippium 21 32 1 54
ﬂavirostris 89 5 94
lineolatus 29 13 3 45
lunula 10 4 1 15
melannotus 36 46 1 83
oxycephalus 1 1
rafﬂesi 18 18
ulietensis 29 19 2 50
vagabundus 28 54 82
Chelmon rostratus 60 22 5 87
Coradion altivelis 29 29
chrysozonus 2 2
Forcipiger ﬂavissimus 23 3 26
Heniochus acuminatus 1 1
chrysostomus P. munozae
n. sp.
23 19 (2) 1 43
monoceros 20 5 1 26
singularius 6 1 7
varius P. munozae
n. sp.
20 16 (3) 1
(1)
37
Total 838
(6)
643
(32)
42
(1)
1523
(39)
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[P. glebulae]). For both genotypes, where only a single peak was detected
for the base position, it was always the same base.
3.3. Morphological recognition of species
Iterative examination of morphological specimens corresponding to
the three OTUs distinguished here by ITS2 rDNA sequence data allowed
the identiﬁcation of clear morphological distinctions between them. On
this basis, and as considered further in the discussion, each of the OTUs
is considered to represent a distinct species. Nomaterial for sequencing
was available from the type-host for P. glebulae (C. ornatissimus), but, on
the basis of morphology and host distribution, one of the three geno-
types is conﬁdently identiﬁed as P. glebulae sensu stricto and the other
two genotypes are described as new species. Below, the three taxa are
characterised in terms of host range, geographical distribution, mor-
phology and molecular data. Table 1 summarises the host distribution
of the three putative species.
3.4. Morphology
Class Trematoda Rudolphi, 1808
Subclass Digenea Carus, 1863
Order Plagiorchiida La Rue, 1957
Suborder Xiphidiata Olson, Cribb, Tkach, Bray & Littlewood, 2003
Superfamily Microphalloidea Ward, 1901
Family Faustulidae Poche, 1926
Genus Paradiscogaster Yamaguti, 1934
3.5. P. glebulae Bray, Cribb & Barker 1994 (Figs. 1–4)
Description: (modiﬁed from Bray et al. [4]) measurements see
Table 4. Body fusiform, slightly pointed posteriorly; tegument spinose;
spines reaching into anterior hindbody. Oral sucker subglobular, opening
subterminally. Ventral sucker with prominent and rounded anterior and
posterior muscular appendages which each exceed 35% of total length
of ventral sucker. Prepharynx short, distinct, always within posterior
cavity of oral sucker. Pharynx small, oval. Oesophagus long. Intestinal
bifurcation in anterior half of forebody. Caeca shorter than oesophagus,
saccular, often terminate anterior to appendage of ventral sucker.
Testes subglobular, diagonal to nearly opposite, entirely in hindbody
or sometimes partly dorsal to posterior part of ventral sucker. Cirrus-sac
oval. Internal seminal vesicle bipartite. Par prostatica elongated, occupy-
ing anterior half of cirrus-sac. Ejaculatory duct short. Cirrus small,
papilla-like. Genital atrium distinct. Genital pore median, just posterior
to intestinal bifurcation.
Ovary subglobular, pre-testicular, slightly sinistral, at level of ventral
sucker, separated from testes by uterus. Seminal receptacle canalicular,
rounded postero-dorsal to ovary. Laurer's canal opens dorsally at about
testicular level, sometimes on slight protuberance. Uterus ﬁlls much of
hindbody, overlapping and often passing just posteriorly to testicular
ﬁeld. Eggs tanned, operculate. Vitellarium present as small, symmetri-
cally placed lateral ﬁelds of few closely packed follicles; ﬁelds extend
between levels just posterior to, or just overlapping, posterior ends of
caeca and overlap ventral sucker.
Excretory pore terminal. Excretory vesicle short, widens anteriorly
to form campanuliform or rounded chamber, reaches just to posterior
edge of uterus or testis, whichever is most posterior.
Remarks: specimens reported here are consistent with P. glebulae as
described from the type-host, C. ornatissimus, by Bray et al. [4].
At the present two species of Paradiscogaster have been described
with prominent projections on the anterior and posterior margin of
the ventral sucker. These are P. glebulae and Paradiscogaster lobomyzon
Cribb, Anderson & Bray, 1999, the latter reported from a Kyphosidae [1].
P. glebulae differs from P. lobomyzon in the position of the testes and vitel-
line follicles, which are anterior to the anteriormargin of the ventral suck-
er for P. lobomyzon. they are anterior to the anterior margin of the ventral
sucker. In the light of the present ﬁndingswe re-examined the type-series
of 63 specimens deposited in the QM by Bray et al. [4]. These specimens,
all from Heron Island, were collected from Chaetodon ornatissimus (type-
host) (2), Chaetodon aureofasciatusMacleay, 1878 (4), Chaetodon bennetti
Cuvier, 1831 (1), Chaetodon citrinellus Cuvier, 1831 (33), Chaetodon
mertensii Cuvier, 1831 (8), Chaetodon rainfordi McCulloch, 1923 (3),
Chaetodon speculum Cuvier, 1831 (1), Chaetodon unimaculatus Bloch,
1787 (8) andHeniochus varius (Cuvier, 1829) (3). Although the specimens
were broadly consistent with P. glebulae sensu lato, only those from C.
ornatissimus, C. aureofasciatus and C. rainfordiwere consistentwith the re-
stricted concept of P. glebulae recognised here. Some of the remaining
specimens may prove difﬁcult to identify to species (especially the single
specimens from C. bennetti and C. speculum and the three from H. varius).
The remaining specimens, including the good series of specimens from C.
citrinellus, C.mertensii and C.unimaculatus, appear to relate to one ormore
species not dealt with here. None of the specimens appear to relate to
the two new species proposed below. The restricted concept of P.
glebulae is identiﬁed as occurring in C. ornatissimus, C. aureofasciatus,
Chaetodon plebeius Cuvier, 1831, C. rainfordi and C. speculum.
3.6. Taxonomic summary
Type-host: Chaetodon ornatissimus Cuvier, 1831 (Chaetodontidae).
Other hosts: Chaetodon aureofasciatus Macleay, 1878; C. plebeius
Cuvier, 1831; C. rainfordi McCulloch, 1923; C. speculum Cuvier, 1831
(Chaetodontidae).
Type-locality: off Heron Island, Great Barrier Reef, Queensland,
Australia (23° 26′ S, 151° 54′ E).
Other locality: off Lizard Island, Great Barrier Reef, Queensland,
Australia (14° 40′ S, 145° 27′ E).
Site: intestine.
Prevalence: see Table 1.
New records: see Table 1.
Voucher material: 30 voucher specimens deposited in the QM (QMG
234917-46).
Molecular sequence data: ITS2 rDNA, 17 identical replicates, eight
submitted to GenBank (Table 2).
3.7. Paradiscogaster munozae n. sp. (Figs. 5–6)
Description: Measurements see Table 4. Body fusiform, distinctly
pointed posteriorly; tegument spinose; spines reaching into anterior
hindbody. Oral sucker subglobular, opening subterminally. Ventral
Table 2
Species of the Paradiscogaster glebulae complex sequenced for this study. n: number of
replicated sequences for each host species.
Species Host species n GenBank acc. #
P. glebulae C. aureofasciatus 5 KR827590, KR827591, KR827595
C. plebeius 1 KR827596
C. rainfordi 9 KR827592, KR827594
C. speculum 2 KR827593
P. melendezi n. sp. C. kleinii 2 KR827597
P. munozae n. sp. C. citrinellus 6 KR827599, KR827600
H. chrysostomus 3 KR827598
Table 3
Distribution of intraindividual variation in ITS2 rDNA sequences for species of the
Paradiscogaster glebulae complex. Position is within the alignment of 248 bases of ITS2
rDNA.
Position 66 81 146
P. glebulae (n = 15) T A G
P. glebulae (n = 3) Y (C/T) A K (G/T)
P. melendezi n. sp. (n = 2) C A G
P. munozae n. sp. (n = 5) C A G
P. munozae n. sp. (n = 3) C W (A/T) G
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sucker with gently rounded anterior and posterior muscular appendages
which do not exceed 22% of total length of ventral sucker. Prepharynx
short, distinct, always within posterior cavity of oral sucker. Pharynx
small, oval. Oesophagus long. Intestinal bifurcation in anterior half of
forebody. Caeca longer than oesophagus, saccular, often terminate ante-
rior to appendage of ventral sucker.
Testes subglobular, diagonal to nearly opposite, entirely in hindbody
or sometimes partly dorsal to posterior part of ventral sucker. Cirrus-sac
oval. Internal seminal vesicle bipartite. Par prostatica elongated, occupy-
ing anterior half of cirrus-sac. Ejaculatory duct short. Cirrus small,
papilla-like. Cirrus small. Genital atrium distinct. Genital pore median,
distinctly posterior to intestinal bifurcation.
Ovary subglobular, pre-testicular, slightly sinistral at level of ventral
sucker, separated from testes by uterus. Seminal receptacle canalicular,
rounded, postero-dorsal to ovary. Laurer's canal opens dorsally at about
testicular level, just anterior to slight protuberance seen on some
Figs. 1–7. Species of the Paradiscogaster glebulae complex from theGreat Barrier Reef. 1–4. Paradiscogaster glebulae. 1. ex Chaetodon speculum, Lizard Island; 2. ex Chaetodon rainfordi, Lizard
Island; 3. ex Chaetodon aureofasciatus, Lizard Island; 4. ex Chaetodon ornatissimus, Heron Island (modiﬁed from Bray et al. [4]). 5–6. Paradiscogaster munozae n. sp. 5. ex Heniochus varius,
Lizard Island; 6. ex Heniochus chrysostomus, Lizard Island. and 7. Paradiscogaster melendezi n. sp. ex Chaetodon kleinii, Heron Island. Scale-bar: 200 μm.
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laterally mounted specimens. Uterus ﬁlls much of hindbody, overlapping
and often passing posteriorly to testicular ﬁeld. Eggs tanned, operculate.
Vitellarium present as small, symmetrically placed lateral ﬁelds of few
closely packed follicles; ﬁelds extend between levels just posterior to, or
just overlapping, posterior ends of caeca and overlapping anterior part
of ventral sucker.
Excretory pore terminal. Vesicle short, widens anteriorly to form
campanuliform or rounded chamber, reaches just to posterior edge of
uterus or testis, whichever is most posterior.
Remarks: In regards to the two previously described Paradiscogaster
species having anterior and posterior muscular appendages on the ven-
tral sucker, P. munozae n. sp. differs consistently from P. lobomyzon in
the position of the testes and vitelline follicles which in P. lobomyzon
are anterior to the anterior margin of the ventral sucker. P. munozae n.
sp. differs consistently from the other species with anterior and posterior
muscular appendages on the ventral sucker, P. glebulae, in having a poste-
riorly pointed body, the ventral sucker with distinctly less rounded ante-
rior and posterior projections, vitelline follicles N50 μm in diameter, and
gravid body length ˃ 1100 μm (whereas the 30 specimens of P. glebulae
were never that long). Several juveniles of P. munozae n. sp. without
eggs were longer (676–739 μm) than the smaller gravid specimens of
P. glebulae.
3.8. Taxonomic summary
Type-host: Heniochus varius (Cuvier, 1829) (Chaetodontidae).
Other hosts: Heniochus chrysostomus Cuvier, 1831; C. citrinellus
Cuvier, 1831 (Chaetodontidae).
Type-locality: off Lizard Island, Great Barrier Reef, Queensland,
Australia (14° 40′ S, 145° 27′ E).
Other locality: off Swain Reefs, Great Barrier Reef, Queensland,
Australia (21° 14′ S, 151° 50′ E).
Site: intestine.
Prevalence: see Table 1
Type-material: Holotype (QMG234904) and 12 paratypes deposited
in the QM (QM G 234905-16).
Molecular sequence data: ITS2 rDNA, nine identical replicates, three
submitted to GenBank (Table 2).
Etymology: The species is named in honour of the ﬁrst author's un-
dergraduate thesis mentor, Dr Gabriela Muñoz, who was an important
supporter of his research and early career.
3.9. Paradiscogaster melendezi n. sp. (Fig. 7)
Description: Measurements see Table 4. Body fusiform, rounded
posteriorly; tegument spinose; spines reaching into anterior hindbody.
Oral sucker subglobular, opening subterminally. Ventral sucker with
gently rounded anterior and posterior muscular appendages which do
not exceed 33% of total length of ventral sucker. Prepharynx short,
distinct, always within posterior cavity of oral sucker. Pharynx small,
oval. Oesophagus short. Intestinal bifurcation in anterior half of forebody.
Caeca short, saccular, overlap anterior appendage of ventral sucker.
Testes subglobular, diagonal to nearly opposite, entirely in hindbody
or sometimes partly dorsal to posterior part of ventral sucker. Cirrus-sac
oval. Internal seminal vesicle bipartite. Par prostatica elongated, occupy-
ing anterior half of cirrus-sac. Ejaculatory duct short. Cirrus small,
papilla-like. Cirrus small. Genital atrium distinct. Genital pore median,
just posterior to intestinal bifurcation.
Ovary subglobular, pre-testicular, slightly sinistral at level of ventral
sucker, separated from testes by uterus. Seminal receptacle and Laurer's
canal not detected. Uterus ﬁlls much of hindbody, overlapping and
passing posteriorly to testicular ﬁeld. Eggs tanned, operculate.
Vitellarium present as small, symmetrically placed lateral ﬁelds of
few closely packed follicles; ﬁelds extend between levels just posterior
to, or overlapping, posterior ends of caeca and overlap ventral sucker
anteriorly.
Excretory pore terminal. Vesicle short, widens anteriorly to form
campanuliform or rounded chamber, reaches just to posterior edge of
uterus or testis, whichever is most posterior.
Remarks: In regards to the two previously described Paradiscogaster
species having anterior and posterior muscular appendages on the ven-
tral sucker, P. melendezi n. sp. differs consistently from P. lobomyzon in
the position of the testes and vitelline follicles which in P. lobomyzon are
anterior to the anterior margin of the ventral sucker. P. melendezi n. sp.
further differs fromboth P. glebulae and P. lobomyzon in havingposteriorly
rounded body and a ventral sucker occupying N 50% of the body length
(whereas in P. glebulae and P. munozae n. sp. it occupies only 36–39
(37)% and 25–30 (29)% respectively).
3.10. Taxonomic summary
Type-host: Chaetodon kleinii Bloch, 1790 (Chaetodontidae).
Type-locality: off Heron Island, Great Barrier Reef, Queensland,
Australia (23° 26′ S, 151° 54′ E).
Site: intestine.
Prevalence: see Table 1.
Type material: Holotype (QM G 234900) and three paratypes (in-
cluding one hologenophore) deposited in the QM (QM G 234901-3).
Molecular sequence data: ITS2 rDNA, two identical replicates, one
submitted to GenBank (Table 2).
Etymology: The species is named in honour of the late ichthyologist
Dr Roberto Melendez who was a great inspiration for all of his students
as a teacher and also as the head of the Marine Biology programme at
the Universidad Andres Bello, Chile.
4. Discussion
The results obtained here show that P. glebulae comprises a complex
of species in chaetodontid ﬁshes on the Great Barrier Reef. Morphological
andmolecular results allowus to reﬁne the concept of P. glebulae andpro-
pose two new species.
4.1. Molecular data
The use of molecular techniques has become common to help delin-
eate trematode species [8,25,26]. Molecular analysis provides a strong
basis to elucidate the status of complexes of species and for subsequent
exploration of morphological differences. This is the second report of
Table 4
Measurements of species of the Paradiscogaster glebulae complex from theGBR. n: number
of specimens analysed; BL: body length; BW: body width; FB: forebody; OSL: oral sucker
length; OSW: oral sucker width; PHL: pharynx length; OPHL: oesophagus length; VSL:
ventral sucker length; VSW: ventral suckerwidth; VITL: vitelline follicles length; TL: testes
length; TW: testes width; OL: ovary length; OW: ovarywidth; EGL: egg length; and EGW:
egg width.
P. glebulae P. munozae n. sp. P. melendezi n. sp.
n 30 13 3
BL 672–1088 (883) 1104–1232 (1147) 806–1050 (897)
BW 183–360 (248) 304–416 (346) 275–459 (347)
FB 316–515 (420) 449–546 (514) 295
FB as % BL 38–53 (45) 41–48 (43) 37
OSL 65–94 (78) 91–122 (104) 135
OSW 77–117 (89) 109–144 (124) 155
PHL 27–45 (37) 35–51 (43) 42
OPHL 116–244 (180) 135–266 (180) 67
VSL 263–392 (327) 277–372 (337) 412–557 (489)
VSW 141–302 (191) 232–329 (264) 218–459 (333)
VSL as % BL 36–39 (37) 25–30 (29) 51–55 (53)
VITL 23–31 (27) 50–68 (59) 59–62
TL 49–84 (72) 98–124 (108) 134–143 (138)
TW 59–69 (64) 82–91 (85) 123–127 (125)
OL 54–66 (60) 62–100 (75) 103–120 (112)
OW 49–55 (52) 60–87 (71) 98–110 (105)
EGL 21–29 (25) 23–26 (25) 21–28 (25)
EGW 12–14 (13) 11–13 (12) 11–15 (12)
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the use of sequences for the purposes of taxonomy in the Faustulidae
following the exploration of the status of Paradiscogaster ﬂindersi Bray,
Cribb & Barker, 1994 and P. oxleyi Diaz, Bray & Cribb, 2013 [5]. A recent
report of a species of Pseudobacciger, presently considered to belong in
the Faustulidae, incorporated sequence data but its analysis suggests
that it is phylogenetically distinct from other faustulids [27]. The results
here show variation of between four and six base pairs in this species
complex. It is common for many families of digeneans that small num-
bers of replicated differences in the ITS2 rDNA region can distinguish
species satisfactorily [28]. Some examples of this are a report of two to
eight base differences between species of TransversotremaWitenberg,
1944 [29], three between Phthinomita jonesi Nolan & Cribb, 2006 and
Phthinomita hallae Nolan & Cribb, 2006 (Aporocotylidae) [15], one to
four bases between combinations of four species of LobosorchisMiller
& Cribb, 2005 [30] and two between two didymozoid species [20]. In
all of these cases, the small differences were supported bymorphologi-
cal differences that allowed the conclusion that the genetic variation
represents interspeciﬁc variation. In contrast, it is also possible to ﬁnd
reports of trematode species sharing the same host in which small
differences in the ITS2 rDNA region have been found where the mor-
phology was indistinguishable and the authors interpreted the differ-
ences as intra-speciﬁc variations [5,9,26]. Given the differences at the
level of 4 to 6 bp, plus the evident differences in the morphology seen
here, it is concluded that the three genotypes represent clearly separate
species.
A notable feature of this investigation was the detection of polymor-
phic positions in the electropherograms corresponding to ITS2 rDNA se-
quences representing individual specimens of P. glebulae and P. munozae
n. sp. We interpret this sequence heterogeneity as evidence of intra-
individual (or intra-genomic) variation (i.e. individuals possessing multi-
ple ITS2 variants within their genome). Intra-individual sequence poly-
morphism is relatively infrequently reported and perhaps not generally
anticipated because it is thought that rDNA typically undergoes ‘concert-
ed evolution’ such that all paralogues (tandemly repeated copies) remain
identical [31–33]. Despite this, evidence of various forms of intra-
individual variation in rDNA (ranging from single nucleotide differences
to variable numbers of repeated units) have been reported for beetles
[34], cestodes [35], decapod crustaceans [36], foraminiferans [37], lice
[38],molluscs [39,40],mosquitoes [41], nematodes [42], and turbellarians
[43]. In most of these cases the variation was detected as a result of it
being speciﬁcally sought by sequencing multiple clones derived from in-
dividual animals.
Recent advances and developments in high-throughput DNA se-
quencing and analyses also show that intra-individual polymorphism
within rDNA regions is more common than previously expected.
These recent ‘Next-generation’ technologies make it possible to rapidly
sequence and analyse whole genomes (thus sequencing every rDNA
copy present in a given genome and providing an accurate estimate of
total copy numbers present) allowing investigations into intra-individual
variation in rDNA regions (e.g. ITS1 and ITS2) that were previously im-
practical [44,45]. For example, Weitemier et al. [45] used genome-wide
analyses to explore intra-individual variation in nuclear rDNA of 124 indi-
viduals of the angiosperm genus Asclepias Linnaeus, 1753 and discovered
that rDNA copies within individuals are not identical. Song et al. [44] also
found that multiple ITS2 ‘variants’ existed within individuals across a
wide range of plant taxa.
In light of the above-mentioned studies and the polymorphism
observed here in our data, it is possible that intra-individual variation in
rDNA copies is also common among trematodes. However, the only pre-
vious explicit report of intra-individual variation in rDNA for trematodes
of which we are aware, relates to natural hybrids of two African schisto-
some species [46]. It is possible that the direct Sanger sequencing and
electropherogram editing methods, as reported here and in the vast
majority of trematode studies utilising rDNA, typically identiﬁes the dom-
inant ‘variant’ of each nucleotide position (in the form of a larger peak
reading or base call in the electropherogram) so that intra-individual
variation is often not detected; perhaps smaller peaks in electrophero-
grams are too readily dismissed as uninformative noise.
In terms of the interpretation of this data set, we think the intra-
individual (and thus intra-speciﬁc) variationdetectedhere has no special
signiﬁcance; probably it is of no greater signiﬁcance than the low levels of
interindividual variation that are sometimes reported. We see no evi-
dence that the variation has arisen as the result of hybridisation. In each
of the three variable sites, one of the two bases recorded agrees with
that seen in the other species in the complex and the second base differs.
Overall, the data are consistent with the observation of Elder & Turner
[31] that “sequence similarity of repeating units [that] is greater within
than among species”. The three species considered here remain reliably
distinct from each other on the basis of consistent differences in both se-
quence sites and morphology.
4.2. Morphological taxonomy
Morphological differentiation of complexes of species may be prob-
lematic [11,16]. Here, clear differenceswere observed in several body fea-
tures of the three putative species. Thus, P.munozaen. sp. and P.melendezi
n. sp. differ from P. glebulae in their more robust bodies. These three taxa
were then distinguishable on the basis of body size and the relative size of
the ventral sucker. P. glebulae is much smaller than the other two species
and has distinctively shaped anterior and posterior projections on the
ventral sucker.
4.3. Host-speciﬁcity
The species reported here show a variety of patterns of host-
speciﬁcity. The depth of sampling reported makes it unlikely that fur-
ther sampling will alter our understanding of the host-speciﬁcity of
these species signiﬁcantly. Only P.melendezi n. sp. was found in a single
host species, C. kleinii Bloch, 1790. It is noticeable that C. kleinii and
C. citrinellus have similar dietary components [47,48]. Given this, we
could predict that C. kleinii and C. citrinelluswould have a similar com-
position of parasites species, however this is not the case; C. kleinii
from Lizard Island did not have any Paradiscogaster species (Table 1)
and C. kleinii from Heron Island had only P.melendezi n. sp. In contrast,
C. citrinellus is infected by P.munozae n. sp. at Lizard Island and by three
other genotypes from the GBR that are not included in this study. This
distinction therefore suggests that host-speciﬁcity is driven by more
than the encounter component of the nature of the diet. The remaining
two species both infected multiple chaetodontid hosts, but in two dis-
tinct ways. The species of Chaetodon are presently recognised as falling
into four primary clades [49,50]. P. glebulaewas found in ﬁve species of
Chaetodon, all from clade 3, which are mainly specialised hard coral
feeders [49,50]. As a consequence of this, it can be predicted that the
metacercariae of P. glebulae infect hard corals. However, of the ten spe-
cies of clade 3 analysed in our study, only half were infected, despite
substantial sampling of several of them. The basis of this distinction
may relate to species-speciﬁc dietary specialisation. In contrast to the
clade-speciﬁc distribution of P. glebulae, P. munozae n. sp. was found
in C. citrinellus and two species of Heniochus, H. chrysostomus Cuvier,
1831 and H. varius. This pattern of speciﬁcity to relatively distantly
related chaetodontids is not explained by any known aspect of diet or
behaviour; all three species have broad diets not unlike those of numer-
ous other chaetodontids. This unusual pattern of host-speciﬁcity has not
been reported in other digeneans in Chaetodontidae and requires fur-
ther exploration.
4.4. Biogeography
Most of the species of Chaetodontidae examined in this study are dis-
tributed throughout the GBR and it might be expected that the distribu-
tion of parasites would be the same as that of their hosts. P. glebulae and
P. munozae n. sp. were found at two of the three localities, presenting
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similar distribution patterns to those of their hosts. However, P.melendezi
n. sp. was found only at Heron Island. The explanation may relate to the
life-cycles of the parasites, which are currently completely unknown.
Potentially some of the intermediate hosts have narrow distributions.
The presence of a parasite species depends on the presence of all the
hosts in the life-cycle, local conditions for transmission, and the capacity
of the parasites to colonise these places. The ﬁrst intermediate host of
the faustulids of chaetodontids remains entirely unknown. Other
faustulids have been reported to infect bivalves [51,52] but a recent
study [27] has cast doubt on the composition of the Faustulidae and it is
possible that species of Paradiscogaster and some related genera infect
gastropods. Given the generally high host-speciﬁcity of trematodes for
their ﬁrst intermediate hosts [53], the differential distribution of interme-
diate hosts considerably affects the distribution of Paradiscogaster species.
It has also been established that larval coral reef ﬁshes, the stage most
likely to travel large distances in the life of most coral reef ﬁshes, have
parasites quite different from those of adult ﬁshes [54] implying that
the mobile larvae are not important in the dispersal of the parasites of
the adult ﬁsh. It thus seems likely that a differential dispersal capacity of
ﬁsh and parasites is important for the distribution of these parasites.
4.5. Further studies
In this study, three further genotypes that relate to forms resembling
P. glebulae are not reported, due partly to a lack of sufﬁcient suitable
morphological specimens to allow exploration of distinctions among
these three types. From the 44 ITS2 rDNA sequences generated, 16 not
reported in this study represented three possibly distinct species of
which seven corresponded to Paradiscogaster molecular type 1, eight
to Paradiscogastermolecular type 2 and one sequence to Paradiscogaster
molecular type 3. These three genotypes require more sampling and
further analysis to identify morphological differences between them
and clarify if the recognition of further new species is necessary.
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Abstract
A new species, Hemipera cribbi sp. nov., is described. This trematode was found in three intertidal fish species: Scartichthys
viridis (Valenciennes) (Blenniidae), Gobiesox marmoratus Jenyns (Gobiesocidae) and Myxodes viridis Valenciennes (Clinidae)
from the central and southern coast of Chile. Of 233 individuals of S. viridis from the central coast examined, 19 were infected.
From the southern coast, nine individuals of S. viridis (one infected), five individuals of G. marmoratus (four infected), and 
16 individuals of M. viridis (one fish infected) were examined. Hemipera cribbi sp. nov. is distinguished from the five other
congeneric species mainly in the body size, being the smallest and narrowest species in the genus, reaching five times longer
than wide. This is the first species of the genus described for the South Pacific Ocean off South America. ITS2 rDNA sequences
of Hemipera cribbi sp. nov. from each host and locality were identified.
Keywords
Hemipera, Derogenidae, Scartichthys, intertidal rocky shore, Chile
Introduction
The genus Hemipera Nicoll, 1913 comprises five species:
Hemipera ovocaudata Nicoll, 1913 (the type species),
H. sharpei Jones, 1933, H. nicolli (Manter, 1934) Yamaguti,
1958, H. manteri (Crowcroft, 1947) Yamaguti, 1958 and H. mag-
naprostatica Gaevskaya and Aleshkina, 1995. Hemipera have
been reported from 17 fish species, from the deep ocean
(Nicoll 1913, Manter 1934, Dawes 1946, Crowcroft 1947,
Gaevskaya and Aleshkina 1995), commercial fisheries (Mar-
ques et al. 2006a, b) and the intertidal zone (Muñoz and De-
lorme 2011, Muñoz et al. 2013). Although only a few species
have been recognised within the genus, they are widely dis-
tributed: three species have been found in the North Atlantic
Ocean: H. ovocaudata from Lepadogaster lepadogaster (Bon-
naterre) (Gobiesocidae), Gaidropsarus vulgaris (Cloquet)
(Lotidae), Ciliata mustela (Linnaeus) (Lotidae), Molva molva
(Linnaeus) (Lotidae), Hippocampus hippocampus (Linnaeus)
(Syngnathidae); H. nicolli from Chaunax nuttingi German
(Chaunacidae), Diplacanthopoma brachysoma Günther
(Bythitidae) and Dibranchus atlanticus Peters (Ogcocephali-
dae); H. sharpei from Cepola macrophthalma (Linnaeus) 
(Cepolidae), Halobatrachus didactylus (Bloch and Schneider)
(Batrachoididae); one species from the Central-East Atlantic:
H. magnaprostatica from Merluccius senegalensis Cadenat
(Merlucciidae) and one species from the South Pacific Ocean:
H. manteri from Latridopsis forsteri (Castelnau) (Latridae)
and Cheilodactylus spectabilis Hutton (Cheilodactylidae)
(Nicoll 1913, Jones 1933, Baylis and Jones 1933, Manter
1934, Sproston 1939, Dawes 1946, Crowcroft 1947, Williams
1960, Rodrigues et al. 1975, Gaevskaya and Aleshkina 1995,
Olson et al. 2003, Pankov et al. 2006).
The taxonomic status of species of Hemipera has been
evolving with the time. The genus Hemipera Nicoll, 1913
comprised two species until 1958: Hemipera ovocaudata
Nicoll, 1913 and H. sharpei Jones, 1933 and the genus was
part of Hemiuridae. Hemipera nicolli (Manter, 1934) and
H. manteri (Crowcroft, 1947) were originally described in the
genus Hemiperina as part of the family Hemiuridae, however,
Yamaguti in 1958 relocated these two species under Hemipera
as synonyms of Hemiperina, arguing that Manter (1934) was
misled by Nicoll’s description and figure, misinterpreting the
*Corresponding author: pablo.diazmorales@uqconnect.edu.au
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male terminalia. The final reorganization of these species oc-
curred in 1979 by Gibson and Bray (1979) in which these
species are reorganized in a new family, Derogenidae and in
a new subfamily, Gonocercinae, highlighting the position of
the testis posteriorly to the ovary and vitelline. 
Derogenidae Nicoll, 1910 is characterised by an elongated
body, an unarmed tegument, well developed oral and ventral
suckers, a short oesophagus, two symmetrical or tandem
testes, an oval ovary, numerous eggs with or without fila-
ments, and one or two vitelline masses. Members of the fam-
ily are parasitic in the gut of freshwater and marine teleosts,
but are occasionally recorded from reptiles and fresh water
shrimps (Gibson 1996, 2002).
Specimens of Hemipera can be recognized for the presence
of the ventral sucker in a posterior half of the body, testes sym-
metrical to oblique at posterior extremity posterior to ovary,
seminal vesicle oval to tubular, pars prostatica short which may
apparently be enclosed by parenchymatous capsule. Sinus-sac
weakly developed. Male and female ducts may open separately
on sinus organ or form short hermaphroditic duct. Ovary me-
dian, anterior to testis, uterus pre-ovarian. Eggs filamented.
Hemipera have been recorded from several intertidal fish
of Chile, since 2002 (Muñoz et al. 2002, Muñoz-Muga and
Muñoz 2010, Muñoz and Delorme 2011, Muñoz and Castro
2012). However, this material has not been identified to
species level. Here we describe a new species, Hemipera
cribbi sp. nov., from intertidal fishes off the coast of Chile and
report the ITS2 rDNA sequence data for this species. 
Materials and Methods
Sampling
Specimens of intertidal fishes, Scartichthys viridis, Myxodes
viridis and Gobiesox marmoratus, were collected in 2014
from three localities: Las Cruces in Central Chile (33°30´S,
71°38´W); and two localities in the Southern Chile close to
Dichato: Burca (36°29´S, 72°55´W) and Merquiche (36°29´S,
72°54´W). Fish were dissected to obtain the trematodes. Par-
asites were fixed by pipetting them into nearly boiling saline,
followed by immediate preservation in 5% formalin for mor-
phological study, and 80% ethanol for molecular analysis
(Cribb and Bray 2010).
Morphological analysis
The worms in formalin were stained with Mayer’s haema-
toxylin, destained with 1% HCl and neutralized with NH
3
, de-
hydrated in a graded series of ethanol (50%, 75%, 90%, 95%
and 100%), and cleared using methyl salicylate. Specimens
were then mounted on slides with Canada balsam. Measure-
ments were made with an Olympus BH-2 microscope and 
a Spot InsightTM digital camera (Diagnostic Instruments, Inc.)
using SPOTTM imaging software. Worms were drawn using an
Olympus drawing attachment in an optical microscope, Intuos
3 9 × 12 graphics tablet and Adobe Illustrator and Photoshop
CS6 software to digitalise the final drawing.
Specimens were deposited in the Queensland Museum,
Australia (QM), and in the Museo de Zoología de Concep-
ción, Chile (MZUC).
Molecular analysis
Total genomic DNA from specimens of Hemipera was ex-
tracted using universal and rapid salt-extraction procedures
(Aljanabi and Martinez 1997). Amplification of the ITS2 nu-
clear ribosomal DNA region was performed with the forward
primers 3S (5’-GGT ACC GGT GGA TCA CGT GGC TAG
TG-3’ (Bowles et al. 1993)), and the reverse primer ITS2.2
(5’CCT GGT TAG TTT CTT TTC CTCCG C-3’ (Anderson
and Barker 1993)). The ITS2 region location in the sequence
was determined using the website Internal Transcribed Spacer
2 Ribosomal RNA Data Base, which gave the exact start and
end of the ITS2 region.
PCR amplification of ITS2 rDNA data was developed
using a Touchdown PCR (Don et al. 1991) with the next pro-
tocol: initial denaturing at 95°C for 10 min, followed by touch-
down of 10 cycles of 95°C for 15s, 60–50°C for 30s and 72°C
for 45s, a second stage of 35 cycles of 95°C for 15s, 50°C for
30s and 72°C for 45s and a final extension phase of 72°C for
30 min (Peña et al. 2014). PCR products were visualized in
0.8% agarose gels and the final PCR products were purified
and sequenced using the service of Macrogen, South Korea.
Sequencher™ version 4.5 (GeneCodes Corp.) was used to 
assemble and edit contiguous sequences.
Results
A total of 263 intertidal fishes were examined from three lo-
calities: 233 specimens of S. viridis in Las Cruces (19 infected,
40 parasite specimens collected), 16 specimens of M. viridis
in Burca (one infected, two parasites collected), 5 specimens
of G. marmoratus in Merquiche (four infected, 23 parasites
collected) and 9 specimens of S. viridis in Merquiche (one 
infection, two parasites collected). 
Family Derogenidae Nicoll, 1910
Hemipera Nicoll, 1913
Hemipera cribbi sp. nov. (Fig. 1A-E)
Description. (Measurements based on 12 gravid specimens).
Body elongated, with nearly parallel sides 1,056–1,400
(1,211) µm long (Fig. 1A). Body width 214–260 (238) µm.
Oral sucker subterminal, more circular than oval, 80–138
(112) µm × 80–133 (110) µm. Prepharynx absent, pharynx
small, rounded 39–60 (49) µm long × 45–53 (49) µm wide.
Oesophagus short. Intestinal bifurcation in anterior to semi-
nal vesicle. Caeca extend to posterior section of body anterior
Pablo E. Díaz et al.518
Fig. 1. Hemipera cribbi sp. nov. from Scartichthys viridis. A. Ventral view and B. lateral view of an adult specimen. C. Dorsal view of the
anterior part of the body, with details of oral sucker, pharynx, genital cone and seminal vesicle. D. Dorsal view detailing the Mehlis’ cells po-
sitioned behind the ovary. E. Detail of an egg
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to ovary. Ventral sucker rounded 223–284 (248) µm long ×
214–241 (231) µm wide. Ventral sucker positioned slightly
post-equatorial, protrudes laterally in lateral view. Body bent
dorsally at level of ventral sucker, boomerang-shaped in lateral
view (Fig. 1B). Excretory pore terminal. Excretory vesicle
long, bifurcated at level of ovary, with arms united in fore-
body, dorsal to pharynx (Fig. 1B).
Testes oval to irregular, tandem reaching close to posterior
extremity of body, anterior testis, 64–89 (78) µm long × 68–
102 (87) µm wide, posterior testis 71–103 (90) µm long × 55–
90 (78) µm wide (Fig. 1A-B). Seminal vesicle oval, large
70–125 (95) µm long × 72–127 (97) µm width, situated pos-
terior to intestinal bifurcation (Fig. 1C). Ejaculatory duct con-
nects in small weakly-developed sinus-sac. Genital pore in
anterior part of body, immediately posterior to pharynx. Pro-
static gland diffuse, positioned dorsal to genital cone.
Ovary oval 62–89 (78) µm long × 66–101 (79) µm wide,
anterior to testes and posterior to vitelline masses. Laurer’s
canal not observed. Vitellarium composed of two irregular,
dense structures anterior to testes and ventral to ovary 60–90
(74) µm long × 55–83 (64) µm wide. Mehlis’ cells dorsal to
ovary (Fig. 1D). Uterus mostly intercaecal, filling area from
just posterior to intestinal bifurcation to anterior edge of ovary.
Metraterm simple, opens to hermaphroditic duct. Eggs oval
23–29 (26) µm width × 11–15 (13) µm width, with filaments,
slightly narrowing towards filament. Filaments up to twice
egg length (Fig. 1E). Egg-mass forming spiral. 
Type-host: Scartichthys viridis (Valenciennes) (Blenni-
idae).
Other Hosts: Myxodes viridis Valenciennes (Clinidae) and
Gobiesox marmoratus Jenyns (Gobiesocidae). 
Type-locality: Rocky shore of Las Cruces (33°30´S,
71°38´W), Central Chile.
Other locality: Rocky shore of Burca (36°29´S, 72°55´W)
and Merquiche (36°29´S, 72°54´W), Southern Chile.
Site in host: intestine.
Specimens deposited: Holotype: QM G235022, Paratypes:
QM G235023-G235034; MZUC-UCCC Nº 41746-41747.
Molecular data: Representative sequences: GenBank num-
bers KU745181, KU745182, KU745183, KU745184. ITS2
rDNA sequences were generated for H. cribbi sp. nov. for each
host. The ITS2 rDNA fragment was 100% identical for each
host/locality combination with a length of 302 bp. 
Etymology: The species is named in honour of the first au-
thor´s Master and PhD thesis mentor, Dr Thomas H. Cribb
from the University of Queensland, and also for his great con-
tribution to the understanding of trematodes for marine fishes. 
Remarks
The morphology of Hemipera cribbi sp. nov. was compared
with the five species described in the genus. Data for the other
species were obtained from original descriptions (Manter
1934, Nicoll 1913, Jones 1933, Crowcroft 1947, Gaevskaya
and Aleshkina 1995). The new species is the smallest in the
genus (Table I), it has the smallest eggs, and the ventral sucker
occupies the widest proportion of body width (Fig. 1), this pa-
rameter is not reported for the other species. In addition, the
body length /body width ratio is greater than for four of the
other species (Table 1), meaning that H. cribbi sp. nov. is five
times longer than wide, similar to H. sharpei. However, the
latter species is almost three times larger than H. cribbi sp.
nov., and it has larger eggs with one long filament on the eggs.
Hemipera cribbi sp. nov. has a prominent seminal vesicle, 
a feature not observed in the other species. 
Discussion
Hemipera cribbi sp. nov. is proposed as a new species on the
base of its morphometric dimensions which are distinctive in
comparison with the other four species described in the genus;
the new species is smaller than all of the other species in the
genus. Moreover, the body is very narrow in relation to the
body length. 
Hemipera cribbi sp. nov. is the first species of Hemipera
described from the Pacific Ocean off South America. Previous
studies have only reported undescribed specimens of
Hemipera sp. from several fish species, including the type-
host of the new taxon described above (Scartichthys viridis,
Bovichthys chilensis, Helcogrammoides chilensis, Auche-
nionchus microcirrhis and Syciases sanguineus), which share
the same habitat in the intertidal rocky zone of the coast of
central-south Chile (Muñoz et al. 200; Muñoz-Muga and
Muñoz 2010, Muñoz and Delorme 2011, Muñoz and Castro
2012). However, H. cribbi sp. nov. is not a common species,
its prevalence varying between 0.1 and 1.4% and the intensity
between 1 and 3 (Muñoz et al. 200, Muñoz-Muga and Muñoz
2010, Muñoz and Delorme 2011, Muñoz and Castro 2012).
The intensity of this trematode was exceptionally high in two
of the host specimens considered in this study; up to 42 trema-
todes in S. viridis and up to 23 in G. marmoratus. 
Scartichthys viridis (Blenniidae), Gobiesox marmoratus
(Gobiesocidae) and Myxodes viridis (Clinidae) are intertidal
fishes distributed in the Southeast Pacific from Peru to cen-
tral-south of Chile (S. viridis and M. viridis) (Williams 1990,
Stepien 1992) and in the South Atlantic from Uruguay to Ar-
gentina (G. marmoratus) (Menni et al. 1984). Parasites from
these fishes have been well studied and most of the trematodes
present in these hosts are endemic, and highly host-specific
(Díaz and George-Nascimento 2002, Díaz and Muñoz 2010,
Muñoz and Randhawa 2011, Muñoz-Muga and Muñoz 2010). 
These fishes are ecologically different in terms of their
diets (Muñoz and Ojeda 1997, Boyle and Horn 2006). Scar-
tichthys viridis is a herbivorous fish, with 92.8% of its diet
comprising macroalgae and the other percentage composed of
small invertebrate species, molluscs, copepods, crustacean lar-
vae and insect larvae (Muñoz and Ojeda 1997). In contrast, 
G. marmoratus and M. viridis consume large numbers of crus-
taceans (83.9% in G. marmoratus and 91.4% in M. viridis)
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and there is no presence of macroalgae in their diets (Muñoz
and Ojeda 1997). Judging from the study by Muñoz and Ojeda
(1997), the items common to the diet of all these fish species
are amphipods, gastropods and polychaetes and according to
Busch et al. (2012) amphipods are the most likely intermedi-
ate hosts of digeneans. The life-cycle of Hemipera is not
known, but Køie (1979) summarised the life-cycle of the 
related species Derogenes varicus (Müller, 1784) and found 
a wide variety of crustaceans served as intermediate host. 
It seems possible, therefore, that amphipods may be an inter-
mediate host of H. cribbi sp. nov.
Finally, in this study we report with the first ITS2 rDNA
sequence data (GenBank Numbers to be included) for
Hemipera for the purposes of future taxonomic and life cycle
studies of the species in the genus. 
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Abstract A brief summary of the early history of the
study of Atlantic Ocean marine fish digeneans is
followed by a discussion of the occurrence and
distribution of these worms in the Atlantic Ocean and
adjacent Eastern Pacific Ocean, using the Provinces of
the ‘Marine Ecoregions’ delimited by Spalding et al.
(Bioscience 57:573–583, 2007). The discussion is
based on a database of 9,880 records of 1,274 species in
430 genera and 45 families. 8,633 of these records are
from the Atlantic Ocean, including 1,125 species in
384 genera and 45 families. About 1,000 species are
endemic to the Atlantic Ocean Basin. The most
species-rich families in the Atlantic Ocean are the
Opecoelidae Ozaki, 1925, Hemiuridae Looss, 1899
and Bucephalidae Poche, 1907, and the most wide-
spread theOpecoelidae, Hemiuridae, Acanthocolpidae
Lu¨he, 1906, Lepocreadiidae Odhner, 1905 and
Lecithasteridae Odhner, 1905. A total of 109 species
are shared by the Atlantic Ocean and the Eastern
Pacific, made up of cosmopolitan, circum-boreal,
trans-Panama Isthmus and Magellanic species. The
lack of genetic evaluation of identifications is empha-
sised and the scope for much more work is stressed.
Introduction
The study of the marine trematode fauna of the world
can be said to have started in the Atlantic Ocean basin,
although the earliest recognisable post-Linnaean name
to be coined for amarine digenean is probablyFasciola
ventricosa Pallas 1774, now recognised asHirudinella
ventricosa (Pallas, 1774) Baird, 1853, a large stomach
parasite of large scombrid fishes originally reported
from Ambon Island, Indonesia but now reported
worldwide (Pallas, 1774; Gibson, 1976). Other early
descriptions which are still recognised include Fasci-
ola varicus Mu¨ller, 1784, now known as the wide-
spread and common species Derogenes varicus
(Mu¨ller, 1784) Looss, 1901, originally reported from
Danish waters (Mu¨ller, 1784). Carl Rudolphi in the
early 19thCenturymade important early contributions,
describing many worms from the Mediterranean Sea
which are still recognised. Pe´rez-del-Olmo et al.
(2016) considers these and the contributions of other
workers in the Mediterranean. In the open Atlantic
Ocean, Fe´lix Dujardin (1845) described several
species, such as those now recognised as Cainocrea-
dium labracis (Dujardin, 1845) Nicoll, 1909, Macvi-
caria soleae (Dujardin, 1845) Gibson & Bray, 1982
and Podocotyle angulata Dujardin, 1845 off the
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Brittany coast, France. Other early workers in the
north-eastern Atlantic include Thomas Spencer Cob-
bold (1858) who described the worm now recognised
as Lepidapedon rachion (Cobbold, 1858) Stafford,
1904, presumably from a haddock apparently exam-
ined at Edinburgh, Scotland. Peter Olsson described
manyworms from the Scandinavian coasts (e.g.Olsson
1868) including many still recognised including
Steringophorus furciger (Olsson, 1868) Odhner,
1905, Zoogonoides viviparus (Olsson, 1868) Odhner,
1902, Zoogonus rubellus (Olsson, 1868) Odhner, 1902
and Fellodistomum fellis (Olsson, 1868) Nicoll, 1909.
E´douard van Beneden illustrated someworms from the
Belgian coast (e.g. vanBeneden, 1871) including those
now recognised as Steringotrema pagelli (van Bene-
den, 1871) Odhner, 1911 and Otodistomum cestoides
(van Beneden, 1871) Stafford, 1904.
Little was done in the Western or Southern Atlantic
during the 19th Century. Joseph Leidy (1891) described
a cercaria, Distomum lasium, from off New Jersey,
USA, which is now recognised as Zoogonus lasius
(Leidy, 1891) Stunkard, 1940. Edwin Linton started
describing digeneans from various localities off the
North American coast in the late 19th Century (e.g.
Linton, 1889) and continued into the 20th Century with
his most important work on the Tortugas of Florida
(Linton, 1910) and a (posthumous) publication in 1940.
Many of his species are still recognised including
Macvicaria crassigula (Linton, 1910) Bartoli, Bray &
Gibson, 1989,Opechona pyriforme (Linton, 1900) Bray
&Gibson, 1990,Opecoeloides vitellosus (Linton, 1899)
von Wicklen, 1946, Prosorhynchoides arcuatus (Lin-
ton, 1900) Love & Moser, 1983 and Lintonium vibex
(Linton, 1900) Stunkard & Nigrelli, 1930.
Modern generic concepts began to be developed in
the early 20thCentury byMaxLu¨he andArthurLooss in
the Mediterranean and Teodor Odhner in the Atlantic.
An important early work by the latter on Arctic worms
(Odhner, 1905), was one of many by this author, many
of whose species are still recognised in the genera in
which he placed them, such as Lecithaster confusus
Odhner, 1905, Hemiurus levinseni Odhner, 1905,
Aporocotyle simplex Odhner, 1900, Prosorhynchus
aculeatus Odhner, 1905, Hemiurus communis Odhner,
1905, Proctophantastes abyssorum Odhner, 1911 and
manymore. Other north-eastern Atlantic workers of the
early 20th Century are the British workers William
Nicoll and Marie Lebour, whose contributions include
the recognised species Fellodistomum agnotum Nicoll,
1909, Peracreadium idoneum (Nicoll, 1909) Gibson &
Bray, 1982, Diphterostomum vividum (Nicoll, 1912)
Bray&Gibson, 1986,Lepidapedon elongatum (Lebour,
1908) Nicoll, 1910 and Steringotrema ovacutum (Le-
bour, 1908) Yamaguti, 1953.
In the early years of the 20th Century the
northwestern Atlantic digeneans were studied notably
by Joseph Stafford and Edwin Linton. Stafford (1904)
described, but did not illustrate, worms from off the
eastern Canadian coast. The fact that several are still
recognised, e.g. Homalometron pallidum Stafford,
1904, Neophasis pusilla Stafford, 1904, Stenakron
vetustum Stafford, 1904 and Steganoderma formosum
Stafford, 1904, is due to the restudy of Stafford’s
material by Max Miller (Miller, 1941).
No summary of the early work in the Atlantic Ocean
would be complete without a mention of the contribu-
tion of HaroldManter. Starting in 1925 (Manter, 1925),
he described many of the worms now recognised. There
is no room to list them all, but they includeDermadena
lactophrysiManter, 1945,Genolinea laticaudaManter,
1925, Gonocerca phycidis Manter, 1925, Multitestis
blennii Manter, 1931, Megasolena hysterospina (Man-
ter, 1931) Overstreet, 1969,Genolopa elongataManter,
1931, Genolopa minuta Manter, 1931, Proctotrema
lintoniManter, 1931 and Prodistomummenidiae (Man-
ter, 1947) Bray & Gibson, 1990.
The study of the marine digenean fauna in the South
Atlantic developed later. The first report in our
database from the southwestern Atlantic is that of
Monorcheides popovicii Szidat, 1950 from off Tierra
del Fuego (Szidat, 1950) and those from the south-
eastern Atlantic are six monorchiids from off the coast
of Ghana (Thomas, 1959).
Two other workers should bementioned, due to their
major contribution to the knowledge of digenean life-
cycles in theAtlantic fauna. Thefirst isHorace Stunkard
who elucidated the life-cycle of Zoogonoides laevis
Linton, 1940, Proctoeces maculatus (Looss, 1901)
Odhner, 1911, Stephanostomum dentatum (Linton,
1900) Manter, 1940, Opechona pyriforme, Lintonium
vibex, Lepocreadium areolatum (Linton, 1900) Stun-
kard, 1969, Tubulovesicula pinguis (Linton, 1940)
Manter, 1947, Lasiotocus minutus (Manter, 1931)
Thomas, 1959, Neopechona cablei Stunkard, 1980 and
others (e.g. Stunkard & Uzmann, 1959). The other is
Marianne Køie whose astonishing ability to coax
digeneans into revealing their secrets allowed her to
elucidate many life-cycles including those ofOpechona
224 Syst Parasitol (2016) 93:223–235
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bacillaris (Molin, 1859) Dollfus, 1927, Zoogonoides
viviparus, Stephanostomum caducum (Looss 1901)
Manter, 1934, Monascus filiformis (Rudolphi, 1819)
Looss, 1907, Steringophorus furciger (Olsson, 1868)
Odhner, 1905, Derogenes varicus, Steringotrema pag-
elli, Fellodistomum fellis, Podocotyle reflexa (Creplin,
1825)Odhner, 1905,Aporocotyle simplex,Lepidapedon
elongatum, Lecithaster gibbosus (Rudolphi, 1802)
Lu¨he, 1901, Lecithochirium rufoviride (Rudolphi,
1819) Lu¨he, 1901, Hemiurus luehei Odhner, 1905,
Lecithocladium excisum (Rudolphi, 1819) Lu¨he, 1901,
Magnibursatus caudofilamentosa (Reimer, 1971) Gib-
son & Køie, 1991, Brachyphallus crenatus (Rudolphi,
1802) Odhner, 1905 and Hemiurus communis Odhner,
1905 (e.g. Køie 1975, 1995).
Database and methods
Adatabase in the form of an Excel spreadsheet has been
developed for the marine fish trematodes of the Atlantic
Ocean. This is based predominantly on the work of one
of us (THC) and his students, who have used the
literature to write over 25,000 lines. The Atlantic and
Eastern Pacific Ocean records from this database have
been extracted and some further records have been
added (by RAB and PED). The locality records have
been coded according to Provinces of the ‘Marine
Ecoregions’ delimited by Spalding et al. (2007) (see
Table 1, Fig. 1A). These are ‘Large areas defined by the
presence of distinct biotas that have at least some
cohesion over evolutionary time frames’ (Spalding
et al., 2007). Eastern Pacific Ocean Provinces are
included for comparative purposes. The ‘Magellanic
Province’ spans both Oceans as it includes the North
Patagonian Gulfs, the Patagonian Shelf, the Falklands,
the Channels and Fjords of Southern Chile and
Chiloense. Overall data included in the survey include
this Province in the discussion of theAtlantic fauna. The
database suffers from the problems inherent in this type
of enterprise, such as errors in entry, duplicates,
omissions, typos (both in original reports and data
entry), wrong attributions and unrecognised syn-
onymies. Another problem is the lack of precision in
the locality descriptions in many papers. These records
have been omitted. Also omitted from themain analysis
have been records of parasites and/or fishes which have
not been identified to species. It has not been possible to
consider the validity and synonymies of all the species,
but in general the names follow that used in the World
Register of Marine Species (WoRMS Editorial Board,
2015), compiled mainly by Dr David Gibson, and the
series of ‘Keys to the Trematoda’ (Gibson et al., 2002;
Jones et al., 2005; Bray et al., 2008).
Results
Considering the number of records accumulated, it
might be considered that we know a good proportion
of the fauna, but the effort in different parts of the
Ocean has certainly not been even.
The following data relating to the 17 regions of the
Atlantic Ocean have been collated, along with the five
Eastern Pacific regions: the number of species, genera
and families in each region, the number of lines in the
database per species, genus and family. These latter
three parameters give an estimate of the effort in each
region (Table 2). The number of lines in the database
for each region is displayed on the Map (Fig. 1B).
Table 1 Atlantic and Eastern Pacific Provinces of the ‘Marine
Ecoregions’ delimited by Spalding et al. (2007)
No. Description
1 Arctic
2 Northern European Seas
3 Lusitanian
4 Mediterranean Sea
5 Cold Temperate Northwest Atlantic
6 Warm Temperate Northwest Atlantic
7 Black Sea
10 Cold Temperate Northeast Pacific
11 Warm Temperate Northeast Pacific
12 Tropical Northwest Atlantic
13 North Brazil Shelf
14 Tropical Southwestern Atlantic
15 St Helena and Ascension Islands
16 West African Transition
17 Gulf of Guinea
43 Tropical East Pacific
44 Galapagos
45 Warm Temperate Eastern Pacific
47 Warm Temperate Southwestern Atlantic
48 Magellanic
49 Tristan Gough
50 Benguela
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As can be seen, the Tropical Northwest Atlantic
(12) has the most described species, followed by the
Mediterranean Sea (4). In terms of lines per taxon, the
Northern European Seas Province (2) is the most
studied region, but the Arctic (1), Mediterranean Sea
(4) and possibly the Cold Temperate Northwest
Atlantic (5) and the Tropical Northwest Atlantic
(12), have very similar levels of effort. The effort in
the southwestern Atlantic (13, 14, 47, 48) is consid-
erably less and no records were recovered from the
North Brazilian Shelf Province (13). The best known
fauna from this region is Warm Temperate South-
western Atlantic (47). The south-eastern Atlantic (16,
17, 50) is the least studied continental coastal zone
(with only two records recovered from the Benguela
region -50). The two mid-Southern Atlantic Island
provinces (15 and 49) have only one record each.
The database has in total 9,880 records of 1,274
species in 430 genera and 45 families, of which 8,633
are from the Atlantic Ocean, with 1,125 species in 384
genera and 45 families. About 1,000 species are
endemic to the Atlantic Ocean basin, but Lessepsian
migrants and other identifications of Indo-West Pacific
species confuse the picture.
A major problem with interpretation of the database
in this fashion is that it is reliant on accurate identifi-
cations. In addition, little effort has beenmade, hitherto,
to explore the genetic validity of Atlantic species.
Relatively recent works by, for example, Jousson
(Jousson et al., 1999, 2000; Jousson, 2001), Blasco-
Costa (Blasco-Costa et al., 2009a, b, 2010),Antar (Antar
et al., 2015) in the Mediterranean and Curran, Pulis and
Andres (Andres et al., 2014; Curran&Pulis, 2014; Pulis
et al., 2014) in the Gulf of Mexico, are the exception. In
the wider Atlantic the study of some deep-sea species of
Lepidapedon Stafford, 1904 and other lepidapedids and
fellodistomids (Lumb et al., 1993; Bray et al., 1994,
1999) has shown that cryptic species are common. New
investigations should, wherever possible, include
molecular evidence for the status of taxa.
Table 2 Number of lines in the database, species, genera, families and data on effort for the ‘Spalding et al.’ regions of the Atlantic
and eastern Pacific Oceans
Region Lines Species Genera Families Lines
per species
Lines
per genus
Lines
per family
Atlantic 1 476 66 46 16 7.2 10.3 29.8
2 1,302 169 101 25 7.7 12.9 52.1
3 350 126 86 26 2.8 4.1 13.5
4 2,138 330 159 30 6.5 13.4 71.3
5 884 160 93 26 5.5 9.5 34.0
6 491 163 79 22 3.0 6.2 22.3
7 292 85 58 17 3.4 5.0 17.2
12 2,107 422 195 36 5.0 10.8 58.5
13 0 0 0 0 0 0 0
14 6 6 6 5 1.0 1.0 1.2
15 1 1 1 1 1.0 1.0 1.0
16 86 42 39 18 2.0 2.2 4.8
17 117 56 45 17 2.1 2.6 6.9
47 320 134 88 25 2.4 3.6 12.8
48 60 22 18 10 2.7 3.3 6.0
49 1 1 1 1 1.0 1.0 1.0
50 2 2 1 1 1.0 2.0 2.0
Pacific 10 333 86 54 18 3.9 6.2 18.5
11 463 139 98 26 3.3 4.7 17.8
43 291 128 90 24 2.3 3.2 12.1
44 55 33 24 11 1.7 2.3 5.0
45 105 39 32 18 2.7 3.3 5.8
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Lack of precision in identification of parasites, i.e.
those quote as ‘sp.’ or ‘spp.’, may be an indicator of the
lack of taxonomic work in certain areas, where other
specialists, e.g. ecologists, havebeen active.Wehave66
such records from the Tropical Northwest Atlantic
(Region 12) and 65 from theMediterranean Sea (4) and
the Warm Temperate Eastern Pacific (45). Considering
the relatively few records of identified species inRegion
45 (39% records are of unidentified worms), it seems
clear that workers in this region, particularly in Chile
and Peru, have suffered from a distinct taxonomic
deficiency. On the other hand, Regions 12 and 4 are the
Fig. 1 A, Map of the Atlantic and Eastern Pacific Oceans, showing ‘Spalding et al.’ Region Numbers; B, Map of the Atlantic and
Eastern Pacific Oceans, showing the number of records (lines in the database) of digeneans in each Region
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most thoroughly studied regions and the number of
records of unidentified parasites is relatively low (about
3% in both regions).
The status of digenean families in the Atlantic
Ocean
The number of genera and species found in the
families in the Atlantic Ocean are listed in Table 3, the
distribution of records of the families in the Atlantic
Ocean are listed in Table 4, and the distribution of
reports of the three most species-rich families are
illustrated in Figures 2–4.
The most species-rich, and jointly the most wide-
spread, family is the Opecoelidae Ozaki, 1925 (Fig. 2),
which is found in 13 of the 17 Atlantic regions.
Considering that four of the zones are more or less
completely unstudied, this presumably means that they
are found in all zones. The second most species-rich
family, the Hemiuridae Looss, 1899 has a very similar
distribution pattern (Fig. 3). The thirdmost species-rich
family, the Bucephalidae, is found in fewer zones (11)
than three less species-rich families (Fig. 4, Table 3). It
is notable that the number of genera in theBucephalidae
Poche, 1907 is relatively few, but molecular results
indicate that most of the currently recognised genera are
polyphyletic (Nolan et al., 2015). Apart from the four
more or less unstudied regions mentioned above (13,
15, 49 and 50), records of bucephalids are missing from
the Magellanic (48) and the Tropical Southwestern
Atlantic (14) regions. These are also poorly studied
regions, and it is likely that bucephalids are, in fact,
found in all regions.
The Atlantic is depauperate in some families that
are relatively common in the Indo-West Pacific
Region: the Gyliauchenidae Fukui, 1929, Enenteridae
Yamaguti, 1958, Opistholebetidae Fukui, 1929 and
Table 3 Numbers of genera and species in each family represented in the Atlantic Ocean
Family No. of
genera
No. of
species
Family No. of
genera
No. of
species
Opecoelidae Ozaki, 1925 50 160 Azygiidae Lu¨he, 1909 2 7
Hemiuridae Looss, 1899 32 101 Enenteridae Yamaguti, 1958 2 7
Bucephalidae Poche, 1907 11 92 Pronocephalidae Looss, 1899 5 6
Didymozoidae Monticelli, 1888 29 74 Syncoeliidae Looss, 1899 3 5
Acanthocolpidae Lu¨he, 1906 10 72 Hirudinellidae Dollfus, 1932 4 4
Lepocreadiidae Odhner, 1905 25 69 Gyliauchenidae Fukui, 1929 2 4
Monorchiidae Odhner, 1911 20 64 Lissorchiidae Magath, 1917 2 4
Fellodistomidae Nicoll, 1909 24 53 Diplangidae Yamaguti, 1971 1 4
Zoogonidae Odhner, 1902 19 40 Cladorchiidae Fischoeder, 1901 2 3
Lecithasteridae Odhner, 1905 13 40 Dictysarcidae Skrjabin & Guschanskaja, 1955 2 3
Cryptogonimidae Ward, 1917 18 38 Microphallidae Ward, 1901 2 3
Aporocotylidae Odhner, 1912 15 38 Bivesiculidae Yamaguti, 1934 1 3
Haploporidae Nicoll, 1914 13 35 Microscaphidiidae Looss, 1900 1 3
Derogenidae Nicoll, 1910 10 34 Opistholebetidae Fukui, 1929 1 2
Lepidapedidae Yamaguti, 1958 8 31 Bathycotylidae Dollfus, 1932 1 1
Apocreadiidae Skrjabin, 1942 10 29 Botulisaccidae Yamaguti, 1971 1 1
Haplosplanchnidae Poche, 1926 4 22 Brachycladiidae Odhner, 1905 1 1
Gorgoderidae Looss, 1899 6 19 Deropristidae Cable & Hunninen, 1942 1 1
Accacoeliidae Looss, 1899 8 15 Echinostomatidae Looss, 1899 1 1
Sclerodistomidae Odhner, 1927 6 10 Gorgocephalidae Manter, 1966 1 1
Faustulidae Poche, 1926 6 9 Opisthorchiidae Looss, 1899 1 1
Aephnidiogenidae Yamaguti, 1934 4 7 Ptychogonimidae Dollfus, 1937 1 1
Mesometridae Poche, 1926 4 7
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Bivesiculidae Yamaguti, 1934 are notable examples.
Other families are seemingly missing from the
Atlantic entirely, including the Transversotrematidae
Witenberg, 1944 and the Atractotrematidae Yam-
aguti, 1939.
These data emphasize again the paucity of work in
some regions. The Lepidapedidae Yamaguti, 1958 is
mainly a deep-sea family and the lack of deep-sea
studies in the southern part of the Atlantic in particular
is highlighted by its occurrence in only eight zones. On
the other hand, the paucity of records of microphallids,
echinostomatids and brachycladiids probably reflects
the real situation. Microphallids are rarely found in
fishes, but they do occur there occasionally (Siddiqi &
Cable, 1960) and the occurrence of a brachycladiid in
a shark is likely to be an accidental occurrence,
although it was found in its usual site, the liver (Adams
et al., 1998). The record of the ovigerous echinostom-
atid Himasthla tensa Linton, 1940 in the Atlantic cod
Gadus morhua L. must also be considered an
accidental infection (Linton, 1940).
The Atlantic Ocean and the Eastern Pacific Ocean
According to our database 109 species are shared
between the Atlantic Ocean and the Eastern Pacific
region. These can be divided into four categories.
Fifty three of the species are cosmopolitan species.
Some are parasites of widespread pelagic hosts, e.g.
Hirudinella ventricosa and many didymozoids and
others are frequently reported seemingly highly non-
host-specific parasites, which may well represent
cryptic complexes, e.g. Helicometrina nimia Linton,
1910, Helicometra fasciata (Rudolphi, 1819) Odhner,
1902 and Derogenes varicus. Recent studies (Calhoun
et al., 2013) indicate thatH. ventricosa is also a cryptic
complex.
Thirteen species are circum-boreal, probably with a
continuous population between the oceans via the
Arctic Ocean (Table 5).
Only four species appear to have been reported in
the southern parts of both oceans, in the Magellanic
region which is continuous around Cape Horn. These
Table 4 Number of regions in which families are represented
Families No. of regions Families No. of regions
Hemiuridae Looss, 1899 13 Haplosplanchnidae Poche, 1926 5
Opecoelidae Ozaki, 1925 13 Ptychogonimidae Dollfus, 1937 5
Acanthocolpidae Lu¨he, 1906 12 Aephnidiogenidae Yamaguti, 1934 4
Lecithasteridae Odhner, 1905 12 Deropristidae Cable & Hunninen, 1942 4
Lepocreadiidae Odhner, 1905 12 Lissorchiidae Magath, 1917 4
Bucephalidae Poche, 1907 11 Bathycotylidae Dollfus, 1932 3
Derogenidae Nicoll, 1910 11 Gyliauchenidae Fukui, 1929 3
Fellodistomidae Nicoll, 1909 11 Mesometridae Poche, 1926 3
Monorchiidae Odhner, 1911 11 Dictysarcidae Skrjabin & Guschanskaja, 1955 2
Zoogonidae Odhner, 1902 11 Diplangidae Yamaguti, 1971 2
Cryptogonimidae Ward, 1917 10 Enenteridae Yamaguti, 1958 2
Apocreadiidae Skrjabin, 1942 9 Microscaphidiidae Looss, 1900 2
Didymozoidae Monticelli, 1888 9 Pronocephalidae Looss, 1899 2
Hirudinellidae Dollfus, 1932 9 Bivesiculidae Yamaguti, 1934 1
Sclerodistomidae Odhner, 1927 9 Botulisaccidae Yamaguti, 1971 1
Accacoeliidae Looss, 1899 8 Brachycladiidae Odhner, 1905 1
Aporocotylidae Odhner, 1912 8 Cladorchiidae Fischoeder, 1901 1
Gorgoderidae Looss, 1899 8 Echinostomatidae Looss, 1899 1
Haploporidae Nicoll, 1914 8 Gorgocephalidae Manter, 1966 1
Lepidapedidae Yamaguti, 1958 8 Microphallidae Ward, 1901 1
Syncoeliidae Looss, 1899 8 Opistholebetidae Fukui, 1929 1
Azygiidae Lu¨he, 1909 7 Opisthorchiidae Looss, 1899 1
Faustulidae Poche, 1926 7
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are Aporocotyle ymakaraVillalba & Ferna´ndez, 1986,
Lecithochirium genypteri Manter, 1954, Neolebouria
georgenascimentoi Bray, 2002 and Prosorhynchoides
rioplatensis (Szidat, 1970) Lunaschi, 2003.
Lecithochirium genypteri is, however, circum-austral
having been originally reported in New Zealand
Fig. 2 Map of the Atlantic and Eastern Pacific Oceans, showing the number of records (indicated by the size of filled circles) of
Opecoelidae in each ‘Spalding et al.’ Region
Fig. 3 Map of the Atlantic and Eastern Pacific Oceans, showing the number of records (indicated by the size of filled circles) of
Hemiuridae in each ‘Spalding et al.’ Region
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(Manter 1954), and later in Australian and South
African waters (Korotaeva, 1975; Bray, 1991).
The most interesting group of shared worms is that
found on either side of the Isthmus of Panama. Our
database includes 38 such species (Table 6). Molec-
ular exploration of the distinctions between apparent
conspecifics on either side of the isthmus would allow
calibration of evolutionary rates if (and when) con-
sensus is reached on the time of the closing of the
isthmus (Bacon et al., 2015). A case in point is the
species listed as Homalometron elongatum Manter,
1947, which has been reported mainly in the
Caribbean region (Manter, 1947; Sogandares-Bernal,
1959; Siddiqi & Cable, 1960; Fischthal, 1977; Bunk-
ley-Williams et al., 1996; Parker et al., 2010), but also
from two hosts and three localities in the Eastern
Pacific (Sogandares-Bernal, 1959; Pe´rez-Ponce de
Leo´n et al., 2007). Recent molecular work by Parker
et al. (2010) has indicated that the Pacific form may
well be a distinct, but genetically similar, species they
named H. lesliorum Parker, Curran, Overstreet &
Tkach, 2010. They considered ‘H. elongatum a
widespread parasite of fishes throughout the Carib-
bean Sea, whereas H. lesliorum occurs in the Eastern
Pacific Ocean off Central America’. There are some
anomalies amongst the species in Table 6 in that as
well as reports from the Eastern Pacific and western
Atlantic, Haplosplanchnus mugilis Nahhas & Cable,
1964 (see Parukhin et al., 1971; Al-Bassel, 1997) and
Schikhobalotrema acuta (Linton, 1910) (see Fayek
Fig. 4 Map of the Atlantic and Eastern Pacific Oceans, showing the number of records (indicated by the size of filled circles) of
Bucephalidae in each ‘Spalding et al.’ Region
Table 5 Circum-boreal species, found in northern Atlantic
and north-eastern Pacific regions
Aporocotyle simplex Odhner, 1900
Brachyphallus crenatus (Rudolphi, 1802)
Genolinea laticauda Manter, 1925
Hemiurus appendiculatus (Rudolphi, 1802)
Hemiurus levinseni Odhner, 1905
Lecithaster gibbosus (Rudolphi, 1802)
Lecithophyllum botryophoron (Olsson, 1868)
Podocotyle atomon (Rudolphi, 1802)
Steganoderma formosum Stafford, 1904
Stenakron vitellosum (Manter, 1934)
Stephanostomum baccatum (Nicoll, 1907)
Steringophorus furciger (Olsson, 1868)
Zoogonoides viviparus (Olsson, 1868)
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et al., 1990) have both been reported from the
Mediterranean Sea. It is likely that these are
misidentifications.
The remaining species reported in both the Atlantic
Ocean and the Eastern Pacific Ocean is Tubulovesic-
ula lindbergi (Layman, 1930) Yamaguti, 1934, orig-
inally reported from Peter the Great Bay off North-
eastern Russia (Layman, 1930), and well reported in
both the western and the eastern North Pacific. The
two reports from the Atlantic, from off Puerto Rico
(Siddiqi & Cable, 1960) and Ghana (Fischthal &
Thomas, 1972), are puzzling and probably represent
misidentifications. This situation also illustrates the
problems encountered in studies based on large
databases, where it is not possible to verify every
record.
Lessepsian migration
The effect of man on the distribution of marine
digeneans is exemplified by the effects of migration
through the Suez Canal, so-called Lessepsian migra-
tion. We can be confident that this is changing the
fauna, but to what extent it is not yet clear. For
example, the herbivorous rabbit fish Siganus rivulatus
Forsska˚l & Niebuhr has passed into the Mediterranean
Sea, causing great damage to native algal assemblages
(Sala et al., 2011), and bringing with it the wide-spread
Indo-Pacific parasite Thulinia microrchis (Yamaguti,
1934) Bray, Cribb & Barker, 1993 (as Hysterolecitha
siganiManter, 1969) (see Fischthal, 1980; Bray et al.,
1993). Also, recently, the cornetfish Fistularia com-
mersonii Ru¨ppell has spread right across the Mediter-
ranean Sea along with its parasite Allolepidapedon
fistulariae Yamaguti, 1940 (and other worms) (Pais
et al., 2007). It is not yet known if these Lessepsian
migrant parasites have spread into the open Atlantic
Ocean. With the opening in August 2015 of a new
channel parallel to the old one, the exchange of fauna
between the Red and Mediterranean Seas is bound to
increase (Galil et al., 2015).
Concluding remark
Our data suggest 1,125 species in 384 genera and 45
families are reported in marine fishes of the Atlantic
Table 6 Species found on either side of the Isthmus of Panama
Trans-Panama Isthmus species
Aponurus pyriformis (Linton, 1910) Lepidapedoides nicolli (Manter, 1934)
Cainocreadium oscitans (Linton, 1910) Lepocreadium bimarinum Manter, 1940
Cardicola cardiocola (Manter, 1947) Metadena globosa (Linton, 1910)
Cetiotrema carangis (Manter, 1947) Myodera magna Sogandares-Bernal, 1959
Deontacylix ovalis Linton, 1910 Neolepidapedoides trachinoti (Siddiqi & Cable, 1960)
Dicrogaster fastigatus Thatcher & Sparks, 1958 Opecoeloides fimbriatus (Linton, 1934)
Haplosplanchnus mugilis Nahhas & Cable, 1964 Pachycreadium gastrocotylum (Manter, 1940)
Haplosplanchnus sparisomae Manter, 1937 Prosorhynchoides labiatus (Manter & Van Cleave, 1951)
Homalometron elongatum Manter, 1947 Prosorhynchus gonoderus Manter, 1940
Homalometron mexicanum (Manter, 1937) Prosorhynchus ozakii Manter, 1934
Hymenocotta manteri Overstreet, 1969 Pseudoacanthostomum panamensis
Caballero, Bravo-Hollis & Grocott, 1953
Hypocreadium biminensis (Sogandares-Bernal, 1959) Pseudolepidapedon balistis Manter, 1940
Hypocreadium galapagoensis (Manter, 1945) Pseudopecoelus priacanthi (MacCallum, 1921)
Hypocreadium scaphosomum (Manter, 1940) Schikhobalotrema acuta (Linton, 1910)
Hysterolecitha brasiliensis de Oliveira, Amato & Knoff, 1988 Schikhobalotrema pomacentri (Manter, 1937)
Lasiotocus longicaecum (Manter, 1940) Siphodera vinaledwardsii (Linton, 1901)
Lasiotocus truncatus (Linton, 1910) Stephanostomum megacephalum Manter, 1940
Lecithochirium taboganus (Sogandares-Bernal, 1959) Stephanostomum provitellosum Sogandares-Bernal, 1959
Lecithophyllum intermedium (Manter, 1934) Stephanostomum tenue (Linton, 1898)
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Ocean basin; almost 1,000 of these species are endemic
to the Atlantic Ocean. The geographical region which
is most poorly known is the South Eastern Atlantic
Ocean, with few reports and, apparently, no current
research. The deep-sea of the southern part of the
Atlantic Ocean is also virtually un-studied.
The discovery of cryptic species in the Atlantic is in
its early stages and will, without doubt, alter our
understanding of the Atlantic digenean fauna as it has
already in parts of the Indo-West Pacific (Miller et al.,
2011). A molecular study of trans-Panama Isthmus
species has the promise of estimation of speciation
times and rates. There is much to be done, but modern
techniques hold out much promise and could lead to an
exciting future for workers in this Ocean.
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Abstract The Indo-west Pacific is a marine biore-
gion stretching from the east coast of Africa to Hawaii,
French Polynesia and Easter Island. An assessment of
the literature from the region found reports of 2,582
trematode species infecting 1,485 fish species. Reports
are concentrated in larger fishes, undoubtedly reflect-
ing the tendency for larger hosts to be infected bymore
species of parasites as well as a collecting bias. Many
hundreds of fish species, includingmany from families
known to be rich in trematodes, have yet to be reported
as hosts. Despite some areas (the Great Barrier Reef,
Hawaii and the waters off China, India and Japan)
receiving sustained attention, none can be considered
to be comprehensively known. Several regions, most
importantly in East Africa, French Polynesia and the
Coral Triangle, are especially poorly known. The
fauna of the Indo-west Pacific has been reported so
unevenly that we consider it impossible to predict the
true trematode richness for the region. We conclude
that the greatest gap in our understanding is of the
geographical distribution of species in the Indo-west
Pacific. This is highlighted by the fact that 87% of
trematodes in the region have been reported no more
than five times. The reliable recognition of species is a
major problem in this field; molecular approaches
offer prospects for resolution of species identification
but have been little adopted to date.
Introduction
The Indo-west Pacific (IWP) is a huge marine
bioregion, stretching from the east coast of Africa in
the west to Hawaii and French Polynesia in the east.
To the north it is bounded by the land mass of Asia and
to the south it merges into the circum-global Southern
Ocean. To the east of Hawaii and French Polynesia
there is a biogeographical divide and the fauna of the
west coast of the Americas is far more similar to that of
the Atlantic than to the remainder of the Pacific. This
effect has been brought about by a range of factors,
including the recent closing of the Isthmus of Panama,
unfavourable currents, and the wide eastern Pacific,
which lacks convenient stepping stones that might
facilitate dispersal. The integrity of the IWP is based
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largely on the similarity of the tropical fauna, includ-
ing corals and fish families such as the Chaetodontidae
and Pomacanthidae. More temperate components of
the fauna are progressively more distinctive and
demonstrate significant levels of endemism.
The fish fauna of the IWP is exceptionally diverse
and harbours parasites of many distinct lineages. One
of the most comprehensively studied of these is the
Trematoda Rudolphi, 1808. Although this fauna is
large, we have little understanding of it as a coherent
group; indeed, as far as we can detect, it has never been
reviewed as a distinct fauna. Here we review knowl-
edge of, and issues associated with, the fauna of
trematodes that infect marine fishes of the IWP.
Materials and methods
Analyses here are based on as much literature as could
be collected to October 2015. We created a database of
records of digenean trematode species reported as
sexual adults from marine fishes of the IWP. Each line
of data records a unique parasite species/host species/
locality/reference combination. For the analysis of
biogeographical distribution we used the classification
of marine provinces of the world’s oceans proposed by
Spalding et al. (2007). Our analysis includes only
records where both parasite and host are identified to
species and where it is possible to identify the correct
province. When required, and where possible, the
geographical locality was inferred. For example, Yam-
aguti (1940) reported many trematode species from
Hamazima in Japan, but did not provide a specific
locality for a few species. In these cases we inferred
Hamazima as the locality. Conversely, some records
were excluded, due to lack of information for an
accurate inference of locality. For example, Koryakovt-
seva (1984) reported Bivesicula claviformis Yamaguti,
1934 from ‘‘northern Australia’’. This generalised
locality incorporates multiple provinces and thus the
record was excluded from the analysis. Several check-
lists were consulted as sources of original references
(Nagaty, 1973; Rigby et al., 1999; Liu et al., 2010;
Madhavi, 2011; Khan et al., 2014; Palm & Bray, 2014).
All parasite species were entered in the database as
originally reported; however, a separate field was used
for the currently accepted name. The accepted name is
based on our understanding of the current literature,
especially that suggested by the World Register of
Marine Species (WoRMS, 2015). Similarly, we
recorded host names as originally reported, but used
a separate field for the accepted name as recognised by
Froese & Pauly (2015). All analyses are based on
currently accepted parasite and fish species names.
An issue in our analyses is that, although Spalding
et al. (2007) analysed coastal and shelf regions, our
dataset contains records for wide-ranging pelagic taxa,
such as tunas (Scombridae) and marlin (Istiophori-
dae). We deemed it most appropriate, for this stage of
the understanding of the fauna, to simply record the
trematodes from these hosts from the sites at which
they were caught and analyse them as part of the fauna
of coastal provinces.
Undoubtedly our database remains incomplete. We
estimate that currently the database contains at least
95% of the trematode species known for the IWP and
at least 90% of records. Despite it being incomplete,
we are confident that our conclusions are robust.
History of description of the IWP fauna
The history of the reporting of IWP trematodes is
largely a recent one. Possibly the first post-Linnaean
name proposed for a marine digenean in the IWP is
Fasciola ventricosa Pallas, 1774 [now recognised as
Hirudinella ventricosa (Pallas, 1774) Baird, 1853], a
stomach parasite of scombrid fishes, which was
originally reported from Ambon Island, Indonesia
(Pallas, 1774). However, this report is historically
isolated and, as far as we can detect, only two studies of
IWP trematodes were published in the 19th Century
(Macleay, 1877; Monticelli, 1889). This is in stark
contrast to the fauna of the Atlantic and that of
freshwater fishes, especially of Europe, which received
much attention during this period. The short history of
study of IWP fish trematodes is certainly consistent
with its characterisation lagging behind that for other
regions, however it is advantageous as the literature is
relatively attainable and ‘modern’ in its approach.
Multiple authors began to study the fauna following
the turn of the 20th Century; noteworthy among these
were S. J. Johnston, Nicoll and Southwell. However, it
was from 1928 that the reporting of large numbers of
records commenced. Prominent were the Russian
worker Layman and several Japanese researchers
(Ozaki, Goto and Yamaguti). Yamaguti published
his first study of trematodes of marine fishes in 1934
238 Syst Parasitol (2016) 93:237–247
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(Yamaguti, 1934), commencing a remarkable contri-
bution which concluded with his monumental study of
the trematodes of fishes of Hawaii (Yamaguti, 1970).
Yamaguti recorded more than 1,100 host/trematode/
locality combinations for the IWP. Although many
changes have been made to his taxonomic hypotheses,
his work (and that of other early Japanese colleagues)
established a standard that has been rarely exceeded.
Other authors who havemade significant contributions
to the study of the fauna include Ahmad, Bray, Cribb,
Gupta, Hafeezullah, Machida, Madhavi, Manter,
Miller, Nolan, Ozaki, Parukhin, Tubangui and Velas-
quez; overall we detected that over 600 authors have
published in this field.
Cribb & Bray (2011) noted that no completely new
trematode families (i.e. based on the discovery of
entirely novel taxa) have been detected for some years.
This is certainly true for the IWP, with the vast
majority of families known based on type-genera
proposed for species described outside the region. In
contrast, new genera are being proposed at a substan-
tial rate; of the 581 genera recognised for the fauna, 65
(c.11% of all genera) were proposed this century. The
discovery of novel richness also continues unabated at
the species level. We detected 364 species (c.14% of
the total fauna) that were described this century, a rate
of approximately 24 per year.
Nature of the IWP trematode fauna
Our database of IWP fish trematodes includes 9,119
lines of data derived from 978 publications. The records
represent 50 families, 581 genera and 2,582 species of
trematodes (Table 1) and we identified 6,051 unique
host-parasite combinations. Of these, aspidogastreans
comprise just two families, two genera and three
species. Of the 48 digenean families represented, the
richest 10 account for 74% of the total species. All the
major families are widely distributed among multiple
fish families. Richness in individual genera in the IWP
ranges from1–78 species.Most genera (461, 79%) have
relatively few species (1–5), accounting for 861 species
in total. In contrast, the richest 25 genera are strikingly
speciose (20–78 species) and account for 797 species.
The richest genera also exploit multiple fish families.
For most, no single fish family harbours more than half
the species of any genus. The genera Siphoderina
Manter, 1934, Hurleytrematoides Yamaguti, 1953,
Opisthomonorcheides Parukhin, 1966 and Paropecoe-
lus Pritchard, 1966 are the exceptions, havingmore than
50% of their species in the Lutjanidae, Chaetodontidae,
Carangidae and Mullidae, respectively.
The mean number of hosts per species is 2.34
(1–77). Miller et al. (2011) explored the host-
specificity of Great Barrier Reef (GBR) fish trema-
todes. They calculated an overall mean of 2.27 hosts
per species, i.e. astonishingly close to the total
figure for the IWP seen here. Miller et al. (2011)
concluded that the overwhelming pattern of host-
specificity was that of high specificity (oioxenous,
infecting a single host species or stenoxenous,
infecting closely related species, e.g. congeners);
less than 10% of the species were euryxenous
(trematodes infecting phylogenetically unrelated fish
species). The overall pattern of host-specificity for
the IWP is consistent with those findings. Just 26 of
the species have been reported from 10 or more
families of fishes. Of these, 15 are hemiuroids and 8
are opecoelids; species from these taxa are often
reported with low host-specificity although the pat-
tern has been little tested by molecular approaches
(see below). Strikingly, of these 26 species, just 10
were originally described from the IWP. The other 16
are species described at least 100 years ago, mainly
from Europe. Whether these species are genuinely
globally distributed remains largely untested. It
seems likely that some of them represent complexes
of species that have higher host-specificity than is
presently recognised.
Coverage of the IWP fish fauna
The fishes of the IWP comprise an exceptionally rich
assemblage, consistent with its overall biological
richness. Helfman et al. (2009) stated that the fauna
comprises about 3,000 species, but were not precise as
to the northern and southern limits of the region. In
contrast, Allen & Erdmann (2012) stated that the
‘‘East Indian region’’ alone harbours approximately
4,000 marine fish species. We note that new species
are still frequently described from the IWP (e.g.
Delrieu-Trottin et al., 2014). Given the fact that there
exists considerable local endemism in various parts of
the IWP, we think it unlikely that the total fish fauna
for the region reviewed here comprises fewer than
5,000 species.
Syst Parasitol (2016) 93:237–247 239
123
Table 1 Trematode families reported from fishes of the Indo-west Pacific
Family No. of
genera
No. of
species
% of total
no. of species
No. of
records
Acanthocolpidae Lu¨he, 1906 15 140 5.4 446
Accacoeliidae Odhner, 1911 8 18 0.7 49
Aephnidiogenidae Yamaguti, 1934 5 16 0.6 52
Allocreadiidae Looss, 1902 2 2 0.1 2
Apocreadiidae Skrjabin, 1942 8 30 1.2 75
Aporocotylidae Odhner, 1912 23 67 2.6 168
Aspidogastridae Poche, 1907 1 2 0.1 2
Atractotrematidae Yamaguti, 1939 3 6 0.2 15
Azygiidae Lu¨he, 1909 3 11 0.4 27
Bivesiculidae Yamaguti, 1934 5 22 0.9 101
Bucephalidae Poche, 1907 17 201 7.8 588
Callodistomidae Odhner, 1910 1 1 0.0 2
Cephalogonimidae Looss, 1899 1 5 0.2 5
Cladorchiidae Fischoeder, 1901 2 4 0.2 7
Cryptogonimidae Ward, 1917 36 103 4.0 258
Derogenidae Nicoll, 1910 9 29 1.1 279
Deropristidae Cable & Hunninen, 1942 1 1 0.0 1
Dictysarcidae Skrjabin & Guschanskaja, 1955 4 5 0.2 16
Didymozoidae Monticelli, 1888 60 193 7.5 496
Diplangidae Yamaguti, 1971 1 2 0.1 2
Echinostomatidae Looss, 1899 1 1 0.0 1
Enenteridae Yamaguti, 1958 6 25 1.0 64
Faustulidae Poche, 1926 11 50 1.9 223
Fellodistomidae Nicoll, 1909 26 65 2.5 296
Gorgocephalidae Manter, 1966 1 2 0.1 5
Gorgoderidae Looss, 1899 8 42 1.6 108
Gyliauchenidae Fukui, 1929 11 34 1.3 106
Haploporidae Nicoll, 1914 25 51 2.0 99
Haplosplanchnidae Poche, 1926 6 23 0.9 91
Hemiuridae Looss, 1899 45 314 12.2 1471
Hirudinellidae Dollfus, 1932 3 7 0.3 45
Lecithasteridae Odhner, 1905 18 86 3.3 536
Lepidapedidae Yamaguti, 1958 15 43 1.7 110
Lepocreadiidae Odhner, 1905 49 181 7.0 623
Macroderoididae McMullen, 1937 1 1 0.0 2
Mesocoeliidae Dollfus, 1933 1 1 0.0 1
Mesometridae Poche, 1926 3 3 0.1 5
Microscaphidiidae Looss, 1900 4 6 0.2 47
Monorchiidae Odhner, 1911 37 154 6.0 392
Multicalycidae Gibson & Chinabut, 1984 1 1 0.0 6
Opecoelidae Ozaki, 1925 62 458 17.7 1585
Opistholebetidae Fukui, 1929 3 25 1.0 79
Opisthorchiidae Looss, 1899 1 1 0.0 1
Ptychogonimidae Dollfus, 1937 2 2 0.1 5
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The 2,582 trematode species known from IWP
fishes have been reported from 1,485 fully identified
fish species for a mean richness of 1.7 trematode
species per fish species. A figure of 1,485 fish hosts
contrasts with the likely fauna of 5,000 or more fish
species in the IWP. If the complete IWP fish fauna is
infected by trematodes at the current mean richness
then, on this basis alone, our knowledge of the fauna
remains highly incomplete. However, it is unrealistic
to assume that every fish species will be infected.
Kamiya et al. (2014) demonstrated that the key drivers
of parasite richness are host size, population density
and breadth of geographical distribution. There is no
reason to doubt that these factors drive the richness of
IWP fish trematodes. Thus, we note that the 20 fish
species with the greatest reported trematode species
richness for the IWP all exceed 27 cm in length, with
10 of the 20 reaching at least 1 m in length.
Unsurprisingly, smaller fish are relatively depauper-
ate. The most speciose fish family in the region is the
Gobiidae, which comprises at least 1,200 IWP species
(Randall et al., 1997). Gobiids are mainly small fish,
some tiny (\ 1 cm), and there are records of just 28
trematode species from 19 gobiid species for the IWP.
Remarkably, this total richness is exceeded or equalled
by that for each of at least eight individual species
belonging to the families Carangidae, Chirocentridae,
Lethrinidae, Mugilidae, Scombridae and Stromatei-
dae. Gobiids are rarely targeted for parasitological
examination, which we suspect is partially because
they are difficult to sample and partially because they
are parasitologically unrewarding. Among gobiids,
Glossogobius giuris (Hamilton) is exceptional in
having seven trematode species. Notably it is a
widespread species that reaches 50 cm in length. The
Gobiidae are symbolic of a number of families of
small fishes which are probably under-surveyed
(e.g. the Apogonidae, Blenniidae and Tripterygiidae).
It seems unlikely that examination of these families
will significantly affect the total known richness for
the fauna of the IWP.
Whereas gobiids and other small fishes may be
under-surveyed (but poor) hosts for trematodes, there
are some fish groups we expect conceal much
undiscovered trematode richness. Of the 105 species
of IWPChaetodontidae (butterflyfishes) recognised by
Allen et al. (1998), just 52 are reported to be infected
by 58 trematode species. For the Pomacanthidae, just
18 of 70 species recognised by Allen et al. (1998) are
infected by 24 trematode species. For the Acanthuri-
dae, just 30 of 69 species recognised by Kuiter &
Debelius (2001) have 85 trematode species. Compre-
hensive surveys of these and other comparable fam-
ilies will undoubtedly identify many new species. It is
noteworthy that many fish families (e.g. the Bythiti-
dae, Caracanthidae, Carapidae, Microdesmidae, Mor-
inguidae, Solenostomidae and Trichonotidae) have no
reports of trematodes for the IWP at all.
Overall, the nature of the numbers discussed above
leads to the inescapable conclusion that the fauna of
trematodes of the IWP remains incompletely known.
Cribb et al. (2014b) reviewed trematode richness for
GBR fishes, summarising a fauna of 326 species from
the region. They estimated that the true richness was
1,100–1,800 trematode species, but expressed little
confidence in the accuracy of the prediction, as
indicated by the large range. Justine (2010) suggested
that all groups of parasites of coral reef fishes remain
exceptionally poorly known and we can only agree.
For the IWP as a whole, we conclude that it is
presently impossible to make a useful prediction of
total trematode richness.
Despite being unable to predict the size of the
fauna, our present knowledge does allow us to make
Table 1 continued
Family No. of
genera
No. of
species
% of total
no. of species
No. of
records
Sclerodistomidae Odhner, 1927 5 31 1.2 78
Syncoeliidae Looss, 1899 4 5 0.2 27
Tandanicolidae Johnston, 1927 3 9 0.3 46
Transversotrematidae Witenberg, 1944 3 24 0.9 176
Urotrematidae Poche, 1926 1 2 0.1 2
Zoogonidae Odhner, 1902 24 73 2.8 294
Incertae sedis 4 4 0.2 4
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reasonable predictions of the types of trematodes that
many groups of fishes will have. For example,
kyphosids typically harbour enenterids, siganids har-
bour gyliauchenids, serranids harbour bucephalids and
scombrids harbour didymozoids. However, many
infections do not fit a pattern. From the examination
of 57 species of the Pomacentridae on the GBR, we are
aware of just single bivesiculid and faustulid species,
each in single host species (Cribb et al., 1994; Sun
et al., 2014); in neither case does a posteriori analysis
suggest an explanation for these isolated infections.
Thus, to find all the parasites we must examine all the
fish.
Geographical distribution of records
Understanding of the geographical distribution of
trematode species in the IWP is especially wanting.
Fig. 1 and Table 2 summarise aspects of trematode
richness relative to the 35 provinces considered. The
regional disparity in knowledge is striking. Of the 35
provinces for which we have found records, just three
have over 1,000 individual records and 14 have at least
100 trematode species reported. Substantial progress
has certainly been made for these 14 provinces.
However, even for these it is clear that a great deal of
work remains. This can be inferred from the propor-
tions of the fish species in the regions for which there
are records. For all Chinese waters (not provinces),
Liu et al. (2010) summarised 630 reported trematode
species from a fish fauna estimated to comprise over
3,000 species (a ratio of just 0.21 trematode species
per fish species). For the Northeast Australian Shelf,
we know of 340 trematode species from a fauna of
perhaps 1,625 fish species (ratio 0.21). For all of India
(again not provinces), Madhavi (2011) summarised
more than 700 trematode species from a fauna of more
than 2,500 fish species (ratio 0.28). For Hawaii, we
know of 323 trematode species from a fauna of 1,150
fishes (ratio 0.28).
The incompleteness of work in the best-known
provinces is put into context by the near total lack of
knowledge for others. For the Western Indian Ocean,
a province encompassing over 3,000 km of east
African coastline, just 128 trematode species are
known. Towards the eastern extreme of the IWP for
Southeast Polynesia there are just 25 species reported
and the Sahul Shelf to the immediate north of
Australia has only six. The Western Coral Triangle
has just 97 species reported. Although this number
dwarfs that for the nearby Sahul Shelf, it is significant
because of the importance of the province; it
encompasses parts of Indonesia, the Philippines and
much of the Coral Triangle and is acknowledged as
containing the greatest global marine biodiversity
(Carpenter & Springer, 2005). This province is
thought to have over 2,000 fish species of which just
87 (\5%) have been reported as hosts of trematodes.
Strikingly, 80% of the total records for this province
were reported prior to 1980. This province has twice
the fish species of Hawaii but only a third as many
known trematode species, thus it is perhaps one sixth
as well-known.
Fig. 1 Numbers of trematode species known as sexual adults from fishes in 35 provinces of the Indo-west Pacific
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A final component of the geographically uneven
exploration of the fauna is seen in the knowledge of
three unusual trematode families. Most fish trema-
todes are parasites of the digestive tract and standard
exploration for trematodes thus focuses on that organ.
However, the Aporocotylidae, Didymozoidae and
Transversotrematidae infect extra-intestinal sites.
Reports of species of the Aporocotylidae and
Transversotrematidae are concentrated on the GBR
and the Didymozoidae in Hawaii (Fig. 2A–C). These
anomalies reflect localised effort by Nolan (e.g. Nolan
& Cribb, 2006a, b), Hunter (e.g. Hunter et al., 2010;
Table 2 Richness and level of study of trematodes of marine fishes of the Indo-west Pacific relative to biogeographical provinces
sensu Spalding et al. (2007)
Province No. of
trematode
spp.
No. of
records
No. of records
per species
8. Cold Temperate Northwest Pacific 249 1,439 5.8
9. Warm Temperate Northwest Pacific 529 1,032 2.0
18. Red Sea and Gulf of Aden 200 398 2.0
19. Somali/Arabian 109 204 1.9
20. Western Indian Ocean 128 214 1.7
21. West and South Indian Shelf 391 731 1.9
22. Central Indian Ocean Islands 5 8 1.6
23. Bay of Bengal 348 613 1.8
24. Andaman 5 9 1.8
25. South China Sea 319 546 1.7
26. Sunda Shelf 23 36 1.6
27. Java Transitional 4 4 1.0
28. South Kuroshio 147 231 1.6
29. Tropical Northwestern Pacific 43 61 1.4
30. Western Coral Triangle 97 258 2.7
31. Eastern Coral Triangle 7 14 2.0
32. Sahul Shelf 6 9 1.5
33. Northeast Australian Shelf 340 1235 3.6
34. Northwest Australian Shelf 45 71 1.6
35. Tropical Southwestern Pacific 176 337 1.9
36. Lord Howe and Norfolk Islands 10 10 1.0
37. Hawaii 323 660 2.0
38. Marshall, Gilbert, and Ellis Islands 0 0 0.0
39. Central Polynesia 1 1 1.0
40. Southeast Polynesia 25 42 1.7
41. Marquesas 9 11 1.2
42. Easter Island 1 1 1.0
51. Agulhas 70 117 1.7
52. Amsterdam-St Paul 0 0 0.0
53. Northern New Zealand 1 1 1.0
54. Southern New Zealand 98 226 2.3
55. East Central Australian Shelf 113 301 2.7
56. Southeast Australian Shelf 74 137 1.9
57. Southwest Australian Shelf 104 146 1.4
58. West Central Australian Shelf 12 16 1.3
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Hunter & Cribb, 2012), and Yamaguti (1970), respec-
tively. The case of the Didymozoidae is particularly
significant for estimates of regional richness. The
majority of didymozoids reported from Hawaii were
from tunas and probably occur throughout much of the
IWP. Localised differences in taxonomic emphasis
such as these serve to distort our capacity to under-
stand true patterns of richness.
Geographical patterns in the IWP
It is understood that some marine trematodes have
genuinely wide distributions. The best characterised
circum-global species is the tuna-infecting aporo-
cotylid Cardicola forsteri Cribb, Daintith & Munday,
2000, which has been reported from southern Aus-
tralia, the northern Pacific, Mexico and the Mediter-
ranean (Cribb et al., 2000; Bullard et al., 2004; Aiken
et al., 2007; Palacios-Abella et al., 2015). However,
such distributions are thought to be exceptional and
facilitated by the vagility of the large hosts. A core
goal for a more complete knowledge of the trematode
fauna of the IWP is to understand how the species are
distributed within the region. Parasite species might
mirror the distribution of their host species, they might
have wider distributions if they infect multiple fish
species with overlapping distributions, or they might
have narrower distributions than their fish hosts if
restricted by transmission requirements (e.g. the
presence of other hosts in the life-cycle) or dispersal
capacity.
At present we are unable to predict which patterns
occur in the IWP. An astonishing 74% of the species in
the analysis are known from only one province and
97% from no more than five. We think it highly
unlikely that these numbers could be a reflection of
genuinely narrow distribution patterns. Almost cer-
tainly this figure is a reflection of the fact that 87% of
IWP trematode species have been reported no more
than five times. In the relatively few cases where the
same host species has been examined over much of its
range, we often observe widespread distributions (e.g.
Miller & Cribb, 2007a; Cutmore et al., 2010; Bott
et al., 2013; McNamara et al., 2014). However, there
are also contrasting reports of widespread fish species
having closely related but distinct parasite species in
different parts of their range (e.g.Miller &Cribb, 2007b;
Fig. 2 A–C, Numbers of species of aporocotylid (A), didymozoid (B) and transversotrematid (C) species known from fishes in 35
provinces of the Indo-west Pacific. D, Numbers of host/trematode combinations characterised by molecular data (ITS, 18S or 28S
rDNA; mt CO1) from fishes in 35 provinces of the Indo-west Pacific
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Cribb et al., 2014a). Overall, we can only say that a
variety of patterns may be seen in the distribution of
IWP trematodes. For a broad biogeographical under-
standing to be developed, more studies that consider
the same or closely related fish species over their entire
range are needed.
Accurate identification of species
Confident estimates of richness, host-specificity and
geographical distribution depend on reliable taxon-
omy. How reliable are species identifications for the
IWP? We think that taxonomy of fish trematodes is
relatively straightforward when completed in one
place by one group of workers; issues of geographical
variation, differential fixation effects, and different
interpretations of the same anatomy are all removed.
Nevertheless, our own group has made multiple
mistakes in interpreting GBR fish trematodes. We
initially interpreted the genus TransversotremaWiten-
berg, 1944 as comprising just two species (Cribb et al.,
1992) and thus dramatically limited the examination
of Transversotrema specimens from the region; sub-
sequent detailed study of this fauna showed it com-
prised at least 20 species (Hunter & Cribb, 2010, 2012;
Hunter et al., 2010, 2012). Similarly, we interpreted a
faustulid, Paradiscogaster glebulae Bray, Cribb &
Barker, 1994, as a single species (Bray et al., 1994)
with low host specificity on the GBR. It has been
recently re-interpreted as representing at least four,
and potentially up to six, species (Diaz et al., 2015),
each with a distinct pattern of host-specificity.
Problems of species identification are compounded
when specimens are observed from multiple localities
and hosts, preserved and prepared inconsistently, and
studied by multiple workers. We know that subtle
morphological distinctions can easily be consistent
with valid species-level differences, or equally with
geographical, host-related or handling effects. Thus,
we are constantly forced to make judgements (=
hypotheses) when comparing specimens with those
reported elsewhere. Given the mistakes that we have
made with samples from a single site, we can only
expect the error rate to be higher when considering
samples from multiple localities. This means that the
database for the exploration of biological questions is
not only incomplete, it is flawed; we are just unaware
of how flawed it is.
We think the answer to the species identification
problem lies substantially in the adoption of molecular
approaches to complement morphology-based studies.
In brief, molecular methods provide relatively unam-
biguous phenotype-independent data that can be used
to explore species-level identities (Nolan & Cribb,
2005). Of course, complexities arise from the issue of
which marker should be used and how much differ-
ence represents interspecific variation (see separate
discussion of issues relating to specific markers and
their use elsewhere in this volume), but overall there is
no doubt that sequence data can resolve many
taxonomic issues. The two errors of our own men-
tioned above (relating to the Transversotrematidae and
Faustulidae) were only advanced in the light of
molecular analysis combined iteratively with further
morphological study. Figure 2D shows that, for the
trematodes of the IWP, molecular analysis has been
implemented very little. Molecular approaches have
therefore not yet had a major effect on our under-
standing of this fauna.
Conclusions and recommendations
It is clear that the trematode fauna of IWP fishes
remains poorly known. That 2,582 species have been
characterised is a substantial achievement; but that we
do not know howmany of these are valid or how many
more are yet to be described illustrates the scope of the
work remaining. To develop an improved understand-
ing of the IWP trematode fauna, we make the
following recommendations:
• The effort to database marine life led by the World
Register of Marine Species is an initiative that the
parasite community should embrace to make
current work more accessible, future work more
comprehensive and efficient, and to enable anal-
yses such as this.
• Geographical coverage of the trematode fauna of
the IWP is exceptionally uneven. We recommend
geographical targeting of studies in the Coral
Triangle and at the edges of the IWP (especially
east Africa and French Polynesia). These sites are
the least well-known and have the greatest capac-
ity to improve overall understanding of the IWP.
• Examination of the fish fauna has been uneven and
probably misleading. We recommend focus on
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123
under-assessed groups, especially smaller fishes,
and reporting of their fauna (including evidence of
absence of infection). The greatest biogeographi-
cal insight will emerge from the comprehensive
sampling of the same or comparable fishes over
range.
• Confidence in the recognition of many trematode
species and their reported specificity and distribu-
tion is low. We recommend the incorporation of
consistent molecular approaches to support mor-
phology-based studies and the lodging of type- and
voucher samples in publically accessible
collections.
• In a field where the task is large and the pool of
workers is small, it is critical that widely dispersed
workers should attempt to work synergistically.
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Abstract Examination of three species of batfishes
(Teleostei: Epphippidae) from off Lizard and Heron
Islands on the Great Barrier Reef led to the discovery
of specimens of the trematode genus Paradiscogaster
Yamaguti, 1934 (Digenea: Faustulidae). Morpholog-
ical analysis demonstrated that the new specimens
represented four morphotypes which we interpret to be
new species: Paradiscogaster martini n. sp., P. vi-
chovae n. sp. and P. brayi n. sp. from Platax
orbicularis (Forsska˚l) and P. pinnatus (Linnaeus) off
Lizard Island, and P. nitschkei n. sp. from P. teira
(Forsska˚l) off Heron Island. Published material was
re-examined and the specimens identified as P.
chaetodontis okinawensis Yamaguti, 1971 from P.
pinnatus from Okinawa, Japan, actually represent the
new species P. brayi n. sp., demonstrating that some
species of Paradiscogaster have wide geographical
distributions. ITS2 rDNA data for the four
morphotypes differ by 4–39 base pairs confirming
the delineation of the four species proposed. A feature
of this study is the recognition of Platax spp. as an
important host group for Paradiscogaster, with the
new species placing them as the second richest host
group for these parasites after the Chaetodontidae.
Introduction
The genus Paradiscogaster Yamaguti, 1934 (Faustul-
idae) is currently represented by 26 nominal species,
all of which have been reported from the Indo-West
Pacific. Recent studies have shown that Paradisco-
gaster spp. are frequently associated with corallivo-
rous fishes (Diaz et al., 2013; Diaz & Cribb, 2013;
Diaz et al., 2015), including several which have an
obligatory diet of coral polyps. However, some species
of the genus have been found in fishes with omniv-
orous diets, such as Paradiscogaster farooqii
Hafeezullah & Siddiqi, 1970 which infects Scatoph-
agus argus (Linnaeus) (see Hafeezullah & Siddiqi,
1970) and Paradiscogaster chaetodontis okinawaen-
sis Yamaguti, 1971 reported from Platax pinnatus
(Linnaeus) (Ephippidae) from Okinawa, Japan (Dyer
et al., 1988).
This study is focused on an omnivorous group of
fishes, the genus Platax Cuvier (batfishes). Platax
comprises five species, most of which are associated
with Indo-Pacific coral reefs (Randall et al., 1997).
Adults are considered omnivorous, with a diet
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including benthic invertebrates and zooplankton
(Randall & Emery, 1971; Randall et al., 1997). Barros
et al. (2008) recently reported that the diet of juvenile
batfishes differs from that of the adults, showing that
juvenile Platax orbicularis (Forsska˚l) are zooplank-
tivorous but they also display a picking-feeding
behaviour, feeding on algae covering floating
materials.
The present study describes, on the basis of
morphology and molecular data, four new Paradisco-
gaster species in three Platax spp. from the Great
Barrier Reef.
Materials and methods
Collection of trematode specimens
Specimens of four species of Plataxwere collected via
spearfishing from off Lizard Island (14400S,
145270E), Swain Reefs (21140S, 151500E), and off
Heron Island (23260S, 151540E) on the Great Barrier
Reef. Fish taxonomy follows Fishbase (Froese &
Pauly, 2016). Fishes were euthanized and dissected
immediately, the digestive tract was removed and
examined using the gut wash approach following
Cribb &Bray (2010). Trematodes collected were fixed
by pipetting them into near boiling saline followed by
immediate preservation in 80% ethanol for parallel
morphological and molecular characterisation (Cribb
& Bray, 2010). Specimens reported by Dyer et al.
(1988) from batfishes from Okinawa, Japan were
borrowed from the Smithsonian National Museum of
Natural History (USNM) for comparison with the
present species.
Morphological analysis
Specimens for morphological examination were pre-
pared and mounted according to Diaz et al. (2016).
Measurements were made with an Olympus BX53
microscope fitted with an Olympus SC50 digital
camera (Diagnostic Instruments, Inc.) using Olympus
cellSens StandardTM 1.13 imaging software. Worms
were drawn using an Olympus U-DA drawing tube
and Adobe Illustrator CS6 software. All measure-
ments are in micrometres (lm) and are given as the
range followed by the mean in parentheses. Where
length is followed by breadth, the two measurements
are separated by ‘9’. When limited material was
available for measurements of specific features, the
number of specimens is given (n). The type-specimens
are lodged in the Queensland Museum (QM), Bris-
bane, Queensland.
Molecular analysis
Total genomic DNA from Paradiscogaster specimens
was extracted using standard phenol-chloroform
extraction procedures (Sambrook & Russell, 2001).
Amplification of the ITS2 nuclear ribosomal DNA
region was performed with the forward primer 3S (50-
GGT ACC GGT GGA TCA CGT GGC TAG TG-30)
(Morgan & Blair, 1995) or GA1 (50-AGA ACA TCG
ACA TCT TGA AC-30) (Anderson & Barker, 1998)
and the reverse primer ITS2.2 (50-CCT GGT TAG
TTT CTT TTC CTC CGC-30) (Cribb et al., 1998).
PCR was performed in a total volume of 20 ll
consisting of approximately 10 ng of DNA, 5 ll of
59 MyTaq Reaction Buffer (Bioline, United King-
dom), 0.75 ll of each primer (10 lM) and 0.25 ll of
Taq DNA polymerase (Bioline MyTaqTM DNA Poly-
merase), made up to 20 ll with InvitrogenTM
ultraPURETM distilled water. Amplification was car-
ried out on a MJ Research PTC-150 thermocycler
using the following profile: an initial single cycle of
95C denaturation for 3 min, 45C annealing for 2
min, 72C extension for 90 s, followed by 4 cycles of
95C denaturation for 45 s, 50C annealing for 45 s,
72C extension for 90 s, followed by 30 cycles of
95C denaturation for 20 s, 52C annealing for 20 s,
72C extension for 90 s, followed by a final 72C
extension for 5 min. Amplified DNA was purified
using a Bioline Isolate II PCR and Gel Kit, according
to the manufacturer’s protocol. Cycle sequencing of
purified DNA was carried out using ABI Big DyeTM
v.3.1 chemistry following the manufacturer’s recom-
mendations, using the amplification primers. Sequenc-
ing was carried out at the Australian Genome Research
Facility using an AB3730xl capillary sequencer.
SequencherTM version 4.5 (GeneCodes Corp.) was
used to assemble and edit contiguous sequences. The
start and end of the ITS2 rDNA region was determined
by annotation though the ITS2 database (with the
exception of the partial sequence from Paradisco-
gaster nitschkei n. sp.) (Ankenbrand et al., 2015;
Keller et al., 2009).
The ITS2 rDNA sequences generated during this
study were aligned with the sequences obtained from
Syst Parasitol
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GenBank using MUSCLE version 3.7 (Edgar, 2004).
The resultant alignment was refined by eye using
Mega 7 (Kumar et al., 2016) and the ends of each
fragment were trimmed to match the shortest sequence
in the alignment.
Pairwise distances were calculated with Mega 7
using the number of differences model. The substitu-
tion model set was ‘nucleotide’, and the substitutions
to include were ‘transitions ? transversions’; the data
subset used was ‘complete deletion’.
Results
Five specimens of Platax batavianus Cuvier from off
Heron Island and four from Swain Reefs, four
specimens of Platax teira (Forsska˚l) from off Heron
Island, one specimen of P. orbicularis from off Lizard
Island and seven specimens of P. pinnatus from off
Lizard Island were examined for trematodes. None of
the specimens of P. batavianus was infected with
faustulid trematodes; however, all individuals of the
three other species were infected with at least one
species of Paradiscogaster.
Four distinct species were recognised on the basis
of morphological and molecular data, all of which are
considered to be new to science and are described
below.
Family Faustulidae Poche, 1926
Genus Paradiscogaster Yamaguti, 1934
Paradiscogaster martini n. sp.
Type-host: Platax pinnatus (Linnaeus), pinnate batfish
(Ephippidae).
Other hosts: Platax orbicularis (Forsska˚l), orbicular
batfish (Ephippidae).
Type-locality: Off Lizard Island (1440’S, 14527’E),
northern Great Barrier Reef, Queensland, Australia.
Type-material: Holotype (QM G235656) and three
paratypes (QM G235657-9).
Site in host: Intestine.
Prevalence: P. pinnatus: 5 out of 7 fish infected; P.
orbicularis: 1 out of 1 infected.
Representative DNA sequences: Three identical ITS2
rDNA replicates (two submitted to GenBank under
accession numbers KY574455 and KY574456).
ZooBank registration: To comply with the regulations
set out in article 8.5 of the amended 2012 version of
the International Code of Zoological Nomenclature
(ICZN, 2012), details of the new species have been
submitted to ZooBank. The Life Science Identifier
(LSID). The LSID for Paradiscogaster martini n. sp.
is urn:lsid:zoobank.org:act:B4A32065-E5A6-49CB-
999E-BEC715828B8F.
Etymology: This species is named in honour of the first
author’s colleague and friend, Storm Martin, who
helped to collect several important host specimens.
Description (Fig. 1A)
[Measurements based on 4 mature, unflattened
worms.] Body oval, rounded anteriorly and posteri-
orly, 497–596 9 312–453 (561 9 388), body width
representing 65–77 (69)% of body length. Tegument
spinose. Oral sucker slightly wider than long,
131–168 9 132–180 (143 9 159), occupying 50–59
(54)% of ventral sucker width. Prepharynx short,
within posterior concavity of oral sucker. Pharynx
small, 51–53 9 45–65 (52 9 55). Oesophagus short,
11–17 (14) long. Intestinal bifurcation anterior to
anterior margin of ventral sucker. Caeca short, diver-
gent, reaching only slightly past anterior margin of
ventral sucker. Forebody 160–199 (182) long, occu-
pying 29–34 (32)% of body length. Ventral sucker
massive, rounded, positioned in midbody, anteriorly
reaching close to posterior margin of oral sucker,
154–221 9 224–326 (186 9 292), occupying 31–37
(33)% of body length and 72–79 (75)% of body width;
appendages absent from anterior and posterior
margins.
Testes 2, entire, opposite, well-separated, immedi-
ately posterior to ventral sucker, 64–123 9 57–110
(97 9 86). Cirrus-sac oval, with bipartite seminal
vesicle, positioned almost entirely dorsal to ventral
sucker, 133–139 9 76–101 (136 9 89). Pars prostat-
ica long, prominent. Eversible ejaculatory ducts short.
Genital pore between anterior margin of ventral sucker
and posterior margin of oral sucker, usually not clear
in dorso-ventral view.
Ovary entire, submedial, anterior to testes, dorsal to
ventral sucker, 85–102 9 83–87 (94 9 85). Seminal
receptacle and Laurer’s canal obscured by uterus.
Vitelline follicles rounded, generally in separate
lateral fields, almost entirely anterior to ventral sucker,
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123
reaching well anterior to posterior margin of oral
sucker, follicles 22–37 (30) in diameter. Uterus
extensive, dorsal to ventral sucker, fills hindbody;
final loop of uterus runs ventrally parallel to cirrus-sac.
Eggs tanned, operculate, slightly smaller than vitelline
follicles, 20–32 9 17–18 (27 9 18).
Excretory vesicle short, Y-shaped; stem short; arms
short, saccular restricted to region posterior to testes.
Fig. 1 Species of Paradiscogaster from ephippid fishes. A, Paradiscogaster martini n. sp. ex Platax pinnatus off Lizard Island; B,
Paradiscogaster vichovae n. sp. ex Platax orbicularis off Lizard Island; C, Paradiscogaster brayi n. sp. ex Platax pinnatus off Lizard
Island; D,Paradiscogaster brayi n. sp. exP. pinnatus from Japan; drawn fromUSNM specimen 78985 reported byDyer et al. (1988); E,
Paradiscogaster nitschkei n. sp. ex Platax teira off Heron Island. Scale-bar: 200 lm
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Paradiscogaster vichovae n. sp.
Type-host: Platax pinnatus (Linnaeus), pinnate batfish
(Ephippidae).
Other hosts: Platax orbicularis (Forsska˚l), orbicular
batfish (Ephippidae).
Type-locality: Off Lizard Island (14400S, 145270E),
northern Great Barrier Reef, Queensland, Australia.
Type-material: Holotype (QM G235660) and ten
paratypes (QM G235661-70).
Site in host: Intestine.
Prevalence: P. pinnatus: 5 out of 7 fish infected; P.
orbicularis: 1 out of 1 infected.
Representative DNA sequences: Two identical ITS2
rDNA replicates (one submitted to GenBank under
accession number KY574454).
ZooBank registration: To comply with the regulations
set out in article 8.5 of the amended 2012 version of
the International Code of Zoological Nomenclature
(ICZN, 2012), details of the new species have been
submitted to ZooBank. The Life Science Identifier
(LSID). The LSID for Paradiscogaster vichovae n. sp.
is urn:lsid:zoobank.org:act:85BDDAF9-3B98-4566-
8F9C-FCDF1A34C458.
Etymology: This species is named in honour of the first
author’s colleague and friend, Dr Bronislava Vichova.
Description (Fig. 1B)
[Measurements based on 11 mature, unflattened
worms.] Body elongate, pointed posteriorly,
455–523 9 154–200 (489 9 178), body width repre-
senting 33–40 (37)% of body length. Tegument
spinose. Oral sucker uniformly slightly wider than
long, 69–77 9 81–93 (73 9 88), occupying 86–98
(92)% of ventral sucker width. Prepharynx short, 9–14
(12). Pharynx small, 19–22 9 26–31 (21 9 29).
Oesophagus reaches mid-forebody. Intestinal bifurca-
tion in mid-forebody, anterior to ventral sucker. Caeca
short, terminate close to anterior margin of ventral
sucker. Forebody 203–272 (238) long, occupying
44–52 (49)% of body length. Ventral sucker oval,
longer than wide, 106–138 9 90–101 (127 9 96),
occupying 23–27 (26)% of body length; appendages
absent from anterior and posterior margins.
Testes 2, entire, opposite, almost contiguous, dorsal to
ventral sucker, 71–86 9 61–75 (80 9 88). Cirrus-sac
oval, with bipartite seminal vesicle, entirely anterior to
ventral sucker, 84–110 9 40–55 (136 9 48). Pars pro-
statica narrow. Eversible ejaculatory ducts short. Genital
pore median, close to level of intestinal bifurcation.
Ovary entire, submedial, anterior to and smaller
than testes, dorsal to ventral sucker, 50–61 9 46–57
(55 9 52). Seminal receptacle globular, post-ovarian,
dorsal to testes. Laurer’s canal opening at level of
ovary. Vitelline follicles rounded, in separate lateral
fields, almost entirely anterior to ventral sucker, not
reaching anteriorly to intestinal bifurcation, follicles
23–34 (27) in diameter. Uterus dorsal to ventral sucker,
fills hindbody; final loop of uterus runs ventrally
parallel to cirrus-sac. Eggs tanned, operculate, smaller
than vitelline follicles, 19–29 9 13–16 (26 9 14).
Excretory vesicle short, Y-shaped; stem short; arms
saccular, restricted to region posterior to testes; pore
terminal.
Paradiscogaster brayi n. sp.
Syn. Paradiscogaster chaetodontis okinawaensis of
Dyer et al. (1988)
Type-host: Platax pinnatus (Linnaeus), pinnate batfish
(Ephippidae).
Other hosts: Platax orbicularis (Forsska˚l), orbicular
batfish (Ephippidae).
Type-locality: Off Lizard Island (1440’S, 14527’E),
northern Great Barrier Reef, Queensland, Australia.
Other locality: Off Okinawa (2637’N, 12752’E),
Japan.
Type material: Holotype (QM G235671) and three
paratypes (QM G235672-4).
Site in host: Intestine.
Prevalence: P. pinnatus: 5 out of 7 fish infected; P.
orbicularis: 1 out of 1 infected.
Representative DNA sequences: Two identical ITS2
rDNA replicates (one submitted to GenBank under
accession number KY574457).
ZooBank registration: To comply with the regulations
set out in article 8.5 of the amended 2012 version of
the International Code of Zoological Nomenclature
(ICZN, 2012), details of the new species have been
submitted to ZooBank. The Life Science Identifier
(LSID). The LSID for Paradiscogaster brayi n. sp. is
urn:lsid:zoobank.org:act:D366BD2C-8E40-4B04-94C9-
BB0C96DD1780.
Etymology: This species is named in honour of Dr
Rodney A. Bray (Natural History Museum, UK), in
Syst Parasitol
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recognition of his significant contribution to the
understanding of marine trematodes.
Description (Fig. 1C, D)
[Measurements based on four mature, unflattened
worms ex P. pinnatus from off Lizard Island.] Body
elongate-oval, pointed posteriorly, 396–440 9 213–
236 (421 9 221), body width representing 49–55
(52)% of body length. Tegument spinose. Oral sucker
uniformly wider than long, 70–112 9 106–132
(89 9 116), occupying 65–74 (71)% of ventral sucker
width. Prepharynx short, within posterior concavity
of oral sucker. Pharynx small, 22–36 9 35–40
(32 9 37). Oesophagus very short, effectively absent.
Intestinal bifurcation almost entirely dorsal to anterior
margin of ventral sucker. Caeca short, terminate dorsal
to ventral sucker. Forebody 90–142 (113) long,
occupying 23–34 (27)% of body length. Ventral
sucker oval, 135–186 9 148–200 (159 9 173), occu-
pying 32–42 (38)% of body length; appendages absent
from anterior and posterior margins.
Testes 2, entire, opposite, in midbody, dorsal to
ventral sucker, 37–38 9 35–37 (38 9 36). Cirrus-sac
oval, with bipartite seminal vesicle, dorsal to ventral
sucker, 113 9 66 (n = 1). Pars prostatica long,
straight, prominent. Eversible ejaculatory ducts short.
Genital pore immediately anterior to margin of ventral
sucker, usually not clearly visible in dorso-ventral
view.
Ovary entire, slightly posterior to testes, dorsal to
ventral sucker, 42 9 42 (n = 1). Seminal receptacle
globular, anterior to ovary, intertesticular. Laurer’s
canal opens dorsally, just anterior to level of ovary.
Vitelline follicles rounded, in separate lateral fields,
entirely dorsal to ventral sucker, follicles 20–23 (22)
in diameter. Uterus extensive, dorsal to ventral sucker,
fills hindbody; final loop of uterus runs ventrally
parallel to cirrus-sac. Eggs tanned, operculate
26–34 9 14–19 (30 9 17).
Excretory vesicle short, Y-shaped; stem short; arms
saccular, restricted to region posterior to ovary; pore
terminal.
Measurements of specimens described by Dyer et al.
(1988)
We here illustrate one of the specimens of Dyer et al.
(1988) (Fig. 1D), showing the close similarity
between it and the Australian material. Basic mea-
surements of eight Japanese specimens of Dyer et al.
(1988) are as follows: body 392–469 9 224–302
(439 9 263); oral sucker oval, 84–106 9 94–129
(95 9 114); pharynx 29–39 (33) long; ventral sucker
oval, wider than long, 102–168 9 146–229
(136 9 195); testes 47–56 9 42–55 (53 9 49); cir-
rus-sac oval, 91–114 9 60–67 (103 9 64) with
bipartite seminal vesicle; ovary slightly larger
than testes, 49–56 9 65–69 (52 9 67); vitelline
follicles rounded, bigger than those from speci-
mens of P. brayi n. sp. from Lizard Island, 31–36
(34) in diameter; eggs tanned, 30–33 9 15–19
(32 9 17).
Remarks
Specimens identified as Paradiscogaster chaetodontis
okinawaensis by Dyer et al. (1988) from Platax
pinnatus, Okinawa, Japan, were borrowed from the
USNM. These specimens (USNM 78985) do not
resemble Paradiscogaster chaetodontis okinawaensis
which was synonymised by Yamaguti (1971) with P.
chaetodontis Yamaguti, 1942 nec Yamaguti (1938).
None of the forms collected and reported by Dyer et al.
(1988) from batfishes are consistent with the speci-
mens collected by Yamaguti. Instead, they agree well
with P. brayi n. sp. from P. pinnatus and P. orbicularis
from off Lizard Island.
Paradiscogaster chaetodontis okinawaensis differs
from P. brayi n. sp. from off Lizard Island and the
specimens reported by Dyer et al. (1988), in the
position of the cirrus-sac, intestinal bifurcation and
vitelline follicles, which is anterior to the anterior
margin of the ventral sucker in P. chaetodontis
okinawaensis and dorsal to the ventral sucker in P.
brayi n. sp. The position of the ovary is parallel to the
testes in P. chaetodontis okinawaensis and slightly
posterior to the testes in P. brayi n. sp. and the eggs are
smaller in P. chaetodontis okinawaensis (21–27 9
11–15).
Paradiscogaster nitschkei n. sp.
Type-host: Platax teira (Forsska˚l), teira batfish
(Ephippidae).
Type-locality: Off Heron Island (2326’S, 15154’E),
southern Great Barrier Reef, Queensland, Australia.
Syst Parasitol
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Type material: Holotype (QM G235675) and three
paratypes (QM G235676-8).
Site in host: Intestine
Prevalence: Four out of four fish infected.
Representative DNA sequences: Two identical partial
ITS2 rDNA replicates (one submitted to GenBank
under accession number KY574458).
ZooBank registration: To comply with the regulations
set out in article 8.5 of the amended 2012 version of
the International Code of Zoological Nomenclature
(ICZN, 2012), details of the new species have been
submitted to ZooBank. The Life Science Identifier
(LSID). The LSID for Paradiscogaster nitschkei n. sp.
is urn:lsid:zoobank.org:act:83B5E9D2-0378-4CC0-
8F3F-417C61E67CDD.
Etymology: This species is named in honour of the first
author’s colleague and friend Dr Matthew Nitschke,
who assisted in the collection of fishes from Heron
Island.
Description (Fig. 1E)
[Measurements base on four mature, unflattened
worms.] Body distinctively elongated, pointed poste-
riorly, 723–1,092 9 248–270 (932 9 259), body
width representing 24–37 (29)% of body length.
Tegument spinose. Oral sucker slightly wider than
long, 110–129 9 122–141 (117 9 132), occupying
58–64 (62)% of ventral sucker width. Prepharynx
short, 12–16 (14). Pharynx small, 32–44 9 38–41
(37 9 40). Oesophagus distinctively long, reaches
well into posterior forebody, 118–305 (216) long.
Intestinal bifurcation in posterior half of forebody.
Caeca short, extend to midbody, terminate anterior to
ventral sucker at level of anterior extent of vitelline
follicles. Forebody 379–583 (497) long, occupying
52–54 (53)% of body length. Ventral sucker oval,
wider than long, 170–223 9 191–231 (189 9 215),
occupying 16–31 (21)% of body length; appendages
absent from anterior and posterior margins.
Testes 2, entire, opposite, well-separated, in mid-
hindbody, 80 9 79 (n = 1). Cirrus-sac prominent,
oval, with bipartite seminal vesicle, 120–221 9
65–112 (162 9 93), anterior to ventral sucker. Pars
prostatica long, prominent. Eversible ejaculatory
ducts long. Genital pore in mid-forebody, anterior to
intestinal bifurcation.
Ovary median, entire, anterior to testes, immedi-
ately posterior to ventral sucker, 105 9 103 (n = 1).
Seminal receptacle and Laurer’s canal obscured by
uterus. Vitelline follicles rounded, dorsal and anterior
to ventral sucker, confluent medially, 33–41 (37) in
diameter. Eggs tanned, operculate, distinctly smaller
than vitelline follicles, 23–25 9 14–16 (24 9 15).
Excretory vesicle short, Y-shaped; arms saccular;
pore terminal.
Molecular data
Complete ITS2 rDNA sequences were generated for
five individuals of the new species of Paradiscogaster:
three for P. martini n. sp., one each for P. vichovae n.
sp. and P. brayi n. sp. Each sequence consisted of 27
bp of flanking 5.8S rDNA, 224 bp of ITS2 and 49 bp of
flanking 28S rDNA. Two partial sequences were
generated for P. nitschkei n. sp.; it was not possible to
obtain the full length of the ITS2 rDNA from these last
two sequences, due to un-sequenceable repeat region
(A/T) towards the 3’ end of the ITS2 region. However,
the fragments obtained were sufficient to identify
differences between this and the other new species.
Pairwise distances analysis was conducted on the
aligned and trimmed dataset and showed that
sequences of P. martini n. sp. differed from those of
P. vichovae n. sp. by 16 bp, of P. brayi n. sp. by 20 bp
and of P. nitschkei n. sp. by 39 bp (although as noted
the P. nitschkei n. sp. sequence is a partial ITS2
sequence only). Paradiscogaster vichovae n. sp. and
P. brayi n. sp. differ by the lowest level (4 bp) and P.
vichovae n. sp. and P. nitschkei n. sp. differ by the
higher level (34 bp). Distances between the new
species and those reported previously for Paradisco-
gaster spp. (for which ITS2 data are available) are
shown in Table 1.
Discussion
Morphological taxonomy
The new species described here possess distinctive
morphology, and can be reliably distinguished from
each other and from all other species in the genus.
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The oval body shape of P. martini n. sp. is strongly
distinctive relative to most of the other Paradisco-
gaster species, with the exception of three species
found in monacanthid fishes: Paradiscogaster aluteri
Machida, 1972, Paradiscogaster dweorg Cribb,
Anderson & Bray, 1999 and Paradiscogaster haina-
nensis (Shen, 1990) Cribb, Anderson & Bray, 1999.
These three species, together with P. martini n. sp.,
possess a generally rounded body. However, the new
species differs from P. aluteri in body length, reaching
only half the size of P. aluteri (1,170–1,620 lm).
Paradiscogaster martini n. sp. differs from P. dweorg
in having a rounded rather than a pointed posterior
extremity and the ventral sucker not occupying the full
body width (ventral sucker occupying 72–79 (75)% of
body width in P. martini n. sp. vs 84–89 (86)% in P.
dweorg). It differs clearly from P. hainanensis which
has the genital pore lateral to the oral sucker and
vitelline follicles extending into the hindbody.
Paradiscogaster vichovae n. sp. possesses an elon-
gated and pointed body shape with an oval ventral
sucker longer thanwide,morphological features that are
strongly distinctive relative to most of the other
Paradiscogaster species, with the exception of Par-
adiscogaster eniwetokensisMartin&Hammerich, 1970
which is similar in shape and size, position of the testes
and ovary and size of vitelline follicles and eggs.
However, it differs from P. eniwetokensis in the shape
and size of the ventral sucker which is smaller and more
elongated in P. vichovae n. sp. The original description
ofP. eniwetokensis byMartin&Hammerich (1970) and
the redescription by Bray et al. (1994), show a rounded
ventral sucker slightly wider than long whereas in P.
vichovae n. sp. it is longer than wide.
The elongate-oval and posteriorly pointed body
shape with a rounded ventral sucker and very short
forebody of Paradiscogaster brayi n. sp. differs from
most other Paradiscogaster species with the exception
of Paradiscogaster quasimodo Cribb, Anderson &
Bray, 1999. However, the two species differ in several
characters: P. quasimodo does not have tegumental
spines whereas P. brayi n. sp. is clearly spinose; in
body length, P. quasimodo is significantly larger than
P. brayi n. sp. (697–851 (759) vs 397–440 (421) lm,
respectively). The ventral sucker is also absolutely
larger in P. quasimodo and in lateral view, it is
directed antero-ventrally (vs dorso-ventrally in
P. brayi n. sp.). Furthermore, the testes of P. quasi-
modo are more than four times the size of those of P.
brayi n. sp.
Specimens of P. brayi n. sp. from Lizard Island
differ slightly on the size of the vitelline follicles of
specimens examined from Dyer et al. (1988). How-
ever, there are no other significant variations between
morphological characters that can indicate that spec-
imens from these two localities are different species.
Paradiscogaster nitschkei n. sp. differs from most
of the Paradiscogaster species in its massive elon-
gated and posteriorly pointed body shape, and promi-
nent cirrus-sac. In body shape, it resembles
P. vichovae n. sp. and P. eniwetokensis; in the case
of P. eniwetokensis it resembles the morphotypes from
Chelmon rostratus (Linnaeus) (figure 19 in Bray et al.,
1994) and Chaetodon trifascialis Quoy & Gaimard
(figure 24 in Bray et al., 1994). However, P. nitschkei
n. sp. differs from P. eniwetokensis in having a cirrus-
sac that is entirely anterior to the ventral sucker
whereas in the original description (Martin &
Table 1 Pairwise analysis of ITS2 rDNA sequences generated in this study and for other species of Paradiscogaster. GenBank
accession numbers for previously described species are given in parentheses
Paradiscogaster spp. 1 2 3 4 5 6 7 8 9
1 Paradiscogaster flindersi (KF017542) –
2 Paradiscogaster glebulae (KR827596) 44 –
3 Paradiscogaster melendezi (KR827597) 42 4 –
4 Paradiscogaster munozae (KR827600) 42 3 3 –
5 Paradiscogaster vichovae n. sp. 38 33 31 32 –
6 Paradiscogaster martini n. sp. 40 37 35 36 12 –
7 Paradiscogaster brayi n. sp. 38 35 33 34 4 16 –
8 Paradiscogaster nitschkei n. sp. 44 23 21 20 34 37 36 –
9 Paradiscogaster oxleyi (KF017535) 42 9 10 9 32 36 34 22 –
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Hammerich, 1970) and in all morphotypes described
by Bray et al. (1994), the cirrus-sac is dorsal to the
anterior part of the ventral sucker. Paradiscogaster
nitschkei n. sp. differs from P. vichovae n. sp. in the
body length, being almost twice the length of
P. vichovae n. sp. and also differs in the relative
length of the oesophagus and cirrus-sac, which are
prominent and highly elongated in P. nitschkei n. sp.
Molecular analysis
This study is the first to report sequence data for
Faustulidae from ephippid hosts. The level of differ-
ence between species is consistent with what has been
reported to distinguish species in many groups of
trematodes (Nolan &Cribb, 2005), and specifically for
species of Paradiscogaster (Diaz et al., 2013; Diaz
et al., 2015). The differences found in the molecular
results support the differences found in morphology,
helping to validate the proposed new species.
The pairwise analysis between the new species and
previously reported species for whichmolecular data are
available, indicate a high number of differences between
these species, including from 20–44 bp in the case of the
partial sequences of P. nitschkei n. sp. and between
35–40, 33–38, 31–38 bp for P.martini n. sp., P. brayi n.
sp. and P. vichovae n. sp. respectively (Table 1).
Ephippidae as hosts for Paradiscogaster
A feature of this study is the recognition of Platax
species as an important host group for Paradisco-
gaster species. Prior to this study, there was only one
record of Faustulidae in a Platax species from Japan
(Dyer et al., 1988) which is here interpreted as one of
the new species, P. brayi n. sp. As a result of the
descriptions here, Platax is now the second richest
host group for these parasites after the Chaetodonti-
dae, which are hosts to nine species; the Monacanthi-
dae also host four species, followed by the Ostraciidae
and Carangidae with three species, the Drepaneidae
and Pomacanthidae with two species, and three
families, the Pleuronectidae, Terapontidae and
Kyphosidae, each with one species.
According to our records, species of Platax have
been examined for trematodes from 1965 to 2012, with
22 trematode species from ten families (Acanthocolp-
idae Lu¨he, 1906, Bucephalidae Poche, 1907, Didy-
mozoidae Monticelli, 1888, Faustulidae Poche, 1926,
Fellodistomidae Nicoll, 1909, Lecithasteridae Odh-
ner, 1905, Lepocreadiidae Odhner, 1905, Monorchi-
idae Odhner, 1911, Opecoelidae Ozaki, 1925 and
Sclerodistomidae Odhner, 1927) reported in 16 pub-
lications from the Indo-west Pacific (Shen, 1990; Ku
& Shen, 1965; Mamaev, 1970; Dyer et al., 1988;
Hafeezullah, 1990; Machida, 1982; Bray & Cribb,
2003; Bray et al., 2010; Bray & Justine, 2012; Toman,
1978, 1989; Madhavi, 1972; Ahmad, 1982; Manter,
1969; Lester & Sewell, 1990; Gu& Shen, 1979). Of all
these studies, that of Dyer et al. (1988) was the only
one to record a faustulid species. Paradiscogaster
species are small parasites, with typical body lengths
ranging from 600 to 1,000 lm. Three of the four
species reported here are relatively small for the
genus. This feature of this group of parasites may have
led to them being overlooked in favour of larger
parasites. Thus, it seems likely that Platax will prove
an important group of hosts for Paradiscogaster
elsewhere in the Tropical Indo-west Pacific.
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